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Preface 


The story of Xenopus as an experimental model system 
seems like a version of the Grimm Brothers’ “The Frog 
Prince.” Here, a frog, Xenopus laevis, also came from 
humble beginnings, and with a little “tender loving care,” 
it became a prince, or, as many would prefer, a “princess,” 
for many fields of biomedical research and basic biology. 
Once upon a time, the founders of experimental embryol- 
ogy used many different species of amphibians, including 
a variety of newts and frogs. For half a century, pioneers, 
including Wilhelm Roux, Hans Spemann, Thomas Hunt 
Morgan, Oscar Hertwig, and others, used these species to 
decipher many of nature’s secrets, including basic principles 
in cell biology, neurobiology, morphogenetic movements, 
cell communication, and the contributions of the genome. 
Some of these breakthroughs were afforded the highest 
accolades, such as the awarding of the 1935 Nobel prize to 
Hans Spemann for the discovery of embryonic induction. In 
parallel, some of these experimental models provided scien- 
tific tools to study the effects of the environment on biologi- 
cal processes in early toxicological and teratogenic studies. 
However, the inability to maintain or breed these animals in 
the laboratory environment limited many of these studies. 

In the 1930s, a new frog animal model caught the interest 
of the medical and scientific community. Initially introduced 
to the clinic for performing pregnancy tests, Xenopus laevis, 
also known as the African clawed frog, proved very resilient 
in the laboratory environment. One of the consequences of 
using Xenopus in pregnancy tests was its wide distribution 
around the world, and colonies were established at multiple 
universities and hospitals. The maintenance of these colo- 
nies revealed that Xenopus husbandry is very simple, and 
eggs and embryos can be readily obtained year-round with 
minimal effort. This frog species thrived in the laboratory, 
efficiently breeding to produce large numbers of eggs after 
injection of readily available reproductive hormones. Since 
then, many of the classical experiments previously per- 
formed in other amphibian models have been repeated and 
expanded using Xenopus. 

Each experimental model system has advantages and dis- 
advantages, and the chapters in this book describe some of 
the particular strengths of Xenopus as a vertebrate experi- 
mental model system to study basic biological principles and 
human disease. Because amphibians are tetrapods, Xenopus 
is closer evolutionarily to mammals, and in particular 
humans, than fish. More importantly, most of the biologi- 
cal and biomedical principles identified and characterized 
in Xenopus are generally applicable to all vertebrates. The 
Xenopus laevis oocyte is relatively large in size (~1.4 mm 
in diameter), and a female can lay from several hundred 
to several thousand eggs in a single day. This large clutch 
size provides an excellent source of biochemical materials 
and has been used to study the cell cycle, DNA replication, 
and chromatin structure. Beyond the clear advantages for 


biochemical studies, the large clutch size allows perform- 
ing rather complex experiments composed of multiple sam- 
ples from a similar genetic background and large enough 
sample sizes for statistical significance of the results. The 
large size of the Xenopus oocyte also allows the easy use 
of glass needles to inject the oocytes with mRNAs that can 
undergo translation and subsequent post-translational pro- 
cessing into proteins that can be properly folded, chemically 
modified, and either retained intracellularly, integrated into 
membranes, or secreted. Oocytes can also be injected with 
chemicals, antibodies, DNA molecules, and other reagents 
to study many biological processes. 

An important direction in which Xenopus laevis became 
a cornerstone was in the analysis of embryonic development. 
The ease with which hundreds of embryos can be obtained 
in a single clutch, allowing large samples, combined with 
the external development that allows analysis of all develop- 
mental stages, were essential for characterizing basic princi- 
ples of embryogenesis in vertebrates. Already from the early 
studies, it was clear that amphibian embryos were ame- 
nable to microsurgical manipulation and transplantations; 
Xenopus embryos proved no different and even particularly 
resilient to this type of experiment. The egg’s large size 
and its rapid development into an embryo became an asset 
for the production and analysis of gene products follow- 
ing mRNA injection. The detailed fate maps of individual 
cells made it possible to target microinjections to particular 
regions, sometimes on one side of the embryo, thus mini- 
mizing off-target effects and providing an internal control 
in each embryo. Thus, many basic principles of vertebrate 
embryogenesis were elucidated using Xenopus embryos, 
and numerous aspects in the characterization of signaling 
pathways were worked out using Xenopus embryos. Over the 
years, studies based on Xenopus have received worldwide 
recognition and prizes, including the Nobel prize in 2012 to 
Sir John Gurdon for the discovery of genetic reprogramming 
of mature cells to pluripotency. 

The allotetraploid genetic composition of Xenopus laevis 
and its relatively long generation time (1-1.5 years) had ini- 
tially posed a challenge for loss-of-function studies based on 
mutants. These apparent “deal breakers” as a model system 
drove research in directions that proved extremely fruitful 
for our understanding of vertebrate embryogenesis. First, 
the Xenopus community focused on the identification and 
cloning of numerous novel genes central to almost every 
developmental and regeneration process. In many instances, 
this massive cloning effort helped identify and elucidate 
signaling pathways, developmental processes, cellular mor- 
phogenesis, biochemical interactions, and many more pro- 
cesses. This focused cloning effort eventually resulted in a 
massive collection of cDNA and EST clones that drove for- 
ward research in Xenopus and in multiple instances paved 
the way for studies in other experimental model systems. 
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Second, the apparent lack of genetic tools for a couple of 
decades drove the analysis of gene function in Xenopus lae- 
vis to rely on gene-specific antisense oligonucleotides, over- 
expressed dominant-negative protein variants, antimorphic 
protein constructs, and pharmacological manipulation of 
protein function. 

The complex genome composition of Xenopus laevis neces- 
sitated the search for strategies to enable genetic approaches. 
One of the solutions to this genetic quest culminated in the 
introduction of Xenopus tropicalis, a true diploid Xenopus 
species with a short generation time (4—6 months) similar to 
mouse and zebrafish. X. tropicalis research benefited from 
the wealth of methods already developed for X. laevis, which 
were rapidly adapted for the newcomer. Also, due to the high 
similarity in the genome sequence, gene discovery in X. trop- 
icalis surged forward based on the clones available from X. 
laevis. The story of these two truly complementary models 
is a story of real cross-pollination. As a true diploid, the X. 
tropicalis genome project was completed in parallel to mam- 
mals. The difficulties of sequencing the allotetraploid X. lae- 
vis genome could finally be solved using the high sequence 
homology to X. tropicalis as a reference genome. In parallel, 
methods were developed in both Xenopus species to gener- 
ate transgenic strains as well as TALEN and CRISPR/Cas9 
genome editing. Even with the longer generation time, genet- 
ically modified X. laevis lines are becoming mainstream in 
analyzing normal developmental processes and generating 
disease models. 

Close to a century and a half of amphibian-based research 
led to an extensive convergence to Xenopus as the main 
model system. This is not to say that it is exclusive, as other 
Xenopus species are incorporated for evolutionary studies, 
other frog species are used for neurophysiological research, 
and axolotl plays a major role in regeneration studies. With 
the extensive genome information for laevis and tropicalis 
and the genome editing technologies efficiently implemented 
to generate mutations, both species have surged forward 
as excellent model systems in biomedical research. More 
importantly, Xenopus is an excellent model system to recapit- 
ulate many aspects of human disease and the in-depth study 


Preface 


of its etiology. The ease of pharmacological manipulation in 
Xenopus has also allowed the study of chemically induced 
birth defects and disease. The large clutch size together with 
the efficient implementation of genome editing technologies 
allow the performance of relatively rapid disease studies and 
screens. These studies initially analyze founder animals, 
overcoming the need to establish genetically modified lines 
and allowing faster analysis of disease-causing changes. 

One aspect that significantly contributed to advancing 
Xenopus as a major model system was a collaborative and 
interactive community. In 1984, two leaders in the field of 
developmental biology who utilized Xenopus, Igor Dawid 
(NIH) and John Gurdon (Cambridge University), brought 
together a group of about 20 international investigators to 
discuss their research interests and deliberate on the advan- 
tages of having a regular meeting focused on Xenopus devel- 
opmental genetics. Thus was born the International Xenopus 
Conference, which has been held every two years since then. 
Over the years, the conference has expanded to encompass 
cell biology, neurobiology, regeneration, and disease models. 
In addition, NIH-supported workshops in the 1990s led to 
the development of critical research resources for the com- 
munity, and similar community-organized meetings have 
continued on a biannual basis as the Xenopus Resources and 
Emerging Technologies meeting. These truly international 
efforts of several hundred laboratories have significantly 
contributed to the many advances that are summarized in 
the chapters presented in this book. 

Thus, this humble frog was transformed into a prince, 
or princess, by the dedication and persistence of many 
researchers, and by an interactive and supportive com- 
munity. The chapters of this book summarize some of the 
advantages of working with Xenopus in biomedical research 
and some of the major contributions of Xenopus to our 
biological knowledge. This collection shows how and why 
Xenopus-based research is not only poised but has already 
made major contributions to our understanding of human 
biology and disease. 
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Might I suggest that a little credit might be given to the 
humble batrachian, which seems to give an invariably 
correct diagnosis. 


—J.W.C. Gunn (1939) 


When a developmental biologist says “in mammals” he 
probably means “in the mouse”; by “in birds” he almost 
certainly means “in the chick”. When he generalizes 
more widely than this about mechanisms of differentia- 
tion in “all developing cells” there is a danger that he is 
referring to work carried out exclusively on Xenopus. 


—Elizabeth Deuchar (1972) 


1.1. INTRODUCTION 


Frogs have played so central a role in biological research that 
many people's only memory of actual biological study involves 
dissecting one in high school. It’s no surprise, then, that frogs 
have been central to scientific discovery for centuries. Marcello 
Malpighi had at least an inkling of the concept we now call 
“model organisms.” He repeatedly extolled the frog as an out- 
standing system for study, and it was in a frog that he first dis- 
covered capillaries of the circulatory system in 1661 (Holmes, 
1993; West, 2013). He even wrote to his friend Giovanni Borelli 
that “indeed, things show up much more clearly in frogs” 
(Boorstin, 1985). Likewise, the entire field of electrophysiol- 
ogy is frequently considered to have originated with Galvani's 
experiments on frog legs in 1791 (Piccolino, 1997). 

The frog's external development is another boon, one that 
was exploited by embryologists at least since 1758, when 
Johann Rósel von Rosenhof engraved the first chronological 
depictions of eggs developing into tadpoles and then into 
frogs (Wellmann, 2017). In 1886, nuclear transplantation in 
frogs and toads would first be attempted in an exploration 
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of the hereditary control of development (Rauber, 1886), 
presaging Nobel prize-winning work on nuclear totipotency 
nearly another century later. In the late 19th century, newts 
and salamanders became the favored amphibian for embry- 
ologists (Beetschen, 2004), but beginning in the mid-20th 
century, a curious foray into endocrinology in South Africa 
led to the rise of Xenopus frogs as the dominant amphibian 
for laboratory studies of biology across the world. 

Since that time, Xenopus was used for discoveries as 
varied as the first description of nuclear pores, to the first 
isolation of a eukaryotic gene, to the demonstration of the 
totipotence of nuclei, to the invention of in situ hybridiza- 
tion. Several excellent historical memoirs of research on 
Xenopus have been published previously, but each has a 
more specific focus on discrete elements of our frog’s suc- 
cess (Blow and Laskey, 2016; Brown, 2004; Deuchar, 1975b; 
Gurdon and Hopwood, 2000; Maller, 2012). My goal here is 
to provide a more general history of research with Xenopus. 
I will cover the period spanning the first description of the 
genus in 1803 through about 1980, when work with Xenopus 
exploded, establishing the vibrant model organism that we 
use today. I hope the chapter will provide an entertaining 
journey back in time for the Xenopus community, my scien- 
tific family for over 30 years. 


1.2. WHAT'S IN A NAME? 


As has been frequently described, the first scientific descrip- 
tion of Xenopus frogs comes from the French naturalist 
Francois Marie Daudin in 1803. But who was this man? 
As it happens, he was a tragic figure: having lost the use 
of his legs (and also his mother) while still a child, he died 
of tuberculosis at the young age of 27, shortly after writing 
his description of what he called Bufo laevis or Crapaud 
lisse (smooth toad”). Despite his physical handicap and 
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his untimely death, Daudin is credited with the descrip- 
tion of dozens of new species of animals, working in many 
cases from preserved specimens in collections around Paris 
(Bour, 2011). 

Among these is the first description of the genus now 
called Xenopus, though exactly which species seems unclear. 
Working from a single preserved specimen in the Museum 
d'Histoire Naturelle in Paris, Daudin succinctly described 
the smooth body, the dorsally set eyes, and the “longitudinal 
rows of small prickles” along the back (Daudin, 1803), an 
anatomical landmark that even the newest student injecting 
hormones to induce egg laying will recognize immediately. 
Daudin’s book also includes the first scientific illustration 
of Xenopus (Figure 1.1). As it happens, his wife Adélaide 
was a talented artist, and she provided many illustrations 
for his work, though the image of the smooth toad is attrib- 
uted instead to an artist named Prévost. In a further tragedy, 
Adélaide also died of tuberculosis, a few days before her 
husband (Bour, 2011). 

Surprisingly, neither Daudin’s description nor the accom- 
panying illustration makes note of the claws on what would 
later come to be known as the African clawed frog. Thus, 
when the great French naturalist Georges Cuvier assembled 
his magnum opus Le Regne Animal in 1829, he chided 
Daudin for his omission of the claws, and indeed, it does 
seem like quite the blunder. However, in the first focused 
and comprehensive description of our frog in 1864, J.E. 
Gray notes that the animals’ claws are “deciduous in spirits” 
(Gray, 1864), suggesting the possibility that the claws on 
Daudin’s preserved specimen had dissolved before he made 
his observations. Regardless, Cuvier renamed the genus 
Dactylethra, a rendering of “finger sheath” or “thimble” 
(Cuvier, 1829). 

The genus name Dactylethra was commonly used by 
19th-century writers, including the first description and 
images of tadpoles of the species (Gray, 1864). The name 
Xenopus only became fashionable in the 1890s, which 
is curious, since it was actually first suggested in 1827. 
Even more curious is the forum in which that name was 
first bestowed: a footnote appended to a letter written by 
Heinrich Boie and published in Lorenz Oken’s journal, 
Isis (Wagler, 1827). Previous authors have attributed this 
footnote to “Wagler, H.,” but thanks to the digitized archives 
available from the Biodiversity Heritage Library (www. 
biodiversitylibrary.org/), I have been able to learn a bit more 
about this important figure in the history of Xenopus. 

As it happens, the footnote proposing the genus name 
“Xenopus” has no first initial indicated; it is signed simply: 
“Wagler” (Figure 1.2). This almost certainly refers to Johann 
Georg Wagler, a noteworthy German naturalist, who in 1830 
and 1831 published two monographs on the Amphibia. In 
fact, in his Natiirliches System der Amphibien of 1830, he 
cites the earlier footnote in /sis, and moreover makes frequent 
mention of Xenopus, making a special note of its clawed toes 
(Wagler, 1830). Moreover, in his original footnote, Wagler 
even lets Daudin off the hook for missing the claws, suggest- 
ing that he must have observed a decayed specimen (Wagler, 


Xenopus 


1827). In an unsettling coincidence, Wagler, like Daudin, 
died tragically, in this case at 32 years old from an accidental, 
self-inflicted gunshot wound (Hess, 1896). 

Wagler’s naming of the genus is the one that finally stuck, 
but not until long after his death. Dactylethra was used in 
several important 19th-century studies of the animal. Just 
the same, text searches of the Biodiversity Heritage Library 
revealed that Wagler’s naming of Xenopus had been trans- 
lated into French by 1829 (Boie and Wagler, 1829), and 
even as early as 1831, an English synopsis of Cuvier’s book 
acknowledges Wagler and includes Xenopus as a synonym 
for Dactylethra (Griffith, 1831). Though my survey was in 
no way systematic, the earliest instance I found of Xenopus 
being used as the primary name (with Dactylethra as a 
junior synonym) was in a Handbook of Zoology from 1858 
(van der Hoeven, 1858). 

The name Xenopus became increasingly common in 
the 1890s, starting with a description of Xenopus breed- 
ing in the wild (Leslie, 1890), and shortly thereafter, with 
the first description of Xenopus breeding in captivity by 
Frank Beddard, working with animals at the London Zoo 
(Beddard, 1894). Beddard included some quite nice illus- 
trations of the tadpole, but he laments that the “interven- 
ing Sunday prevented me from examining the early stages” 
(Beddard, 1894). His account is filled with other rich details, 
including that the tadpoles he observed had been deposited 
on Saturday May 27th. Such details may also be his undo- 
ing, however, as he also reports that the frogs he studied 
were collected by a Mr. Finn in Zanzibar, the home not 
of X. laevis but of X. mulleri. These and other interesting 
minutiae of early Xenopus research were the subject of a 
fun series of blog posts by Malcolm Peaker in his Zoology 
Jottings (https://zoologyweblog.blogspot.com/). 

Xenopus may be said to have formally entered the realm 
of developmental biology with a sprawling and impres- 
sive paper on their early development from Edward Bles in 
1905. He was a noted naturalist, though “for the shackles of 
departmental teaching and organization, Bles had some dis- 
taste” (Hopkins, 1926). Lucky for him, he also had tremen- 
dous personal wealth. After several efforts as a traditional 
academic, he decided that independent, entirely self-funded 
science was best and pursued that course for over 20 
years (Hopkins, 1926) While working at the University of 
Glasgow, Bles set about to breed and raise Xenopus frogs. 
Of course, work with tropical frogs in the cold of Glasgow 
required new apparatus, and a tropical aquarium devised by 
Samuel Budgett (of the now-popular Budgett’s frog [Amin et al., 
2015]) provided just the thing (Bles, 1905). 

With this apparatus, Bles was able to provide a remarkably 
comprehensive description of the early development of 
Xenopus laevis, and moreover, the work was accompanied 
by a gorgeous series of illustrations by A.K. Maxwell (Bles, 
1905). These images of Xenopus would launch Maxwell’s 
decades-long career as a scientific illustrator of the first 
order, with work ranging from medical illustration of wounds 
during WWI, to updating the illustrations in Gray’s Anatomy, 
to rendering Max Perutz’s first model of hemoglobin (De 
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FIGURE 1.1 Images of Xenopus, then and now. (A) An illustration from Daudin’s first description of Xenopus in 1803. Note the 
absence of claws. (B) An illustration, showing the claws, from Gray’s 1864 report. (C) A Xenopus tadpole as illustrated by Pierre Jacques 
Smit in Beddard’s report on the first captive breeding in 1894. (D) A modern image of a Xenopus tadpole with immunostaining for neural 


and muscle tissues. 


Source: Images in A-C are used with permission from the Biodiversity Heritage Library. D courtesy of Helen Willsey. 


* Sh babe in ber Levdner, ausgeseidneten, von meinem 


guten Heinr. Boie geordneten Lurhjammiung nadh ei- 
nem dafelbft befindlihen, fonderbaren Frofhe ein neues 
Genus aufgeftellt, wovon id aus meinem Danujcripte 
folgende Gharactere aushebe. 

Genus: Xenopus, Caput breve, latissimum, de- 
pressum, absque angulis prominulis, apice rotundato- 
acuminatum; maxilla denticulata, mandibúla (et 
palatum) edentula; lingua nulla; parotides nul- 
lae; oculi, respectu corporis molis, parvi, rostri apici 
approximati; orbitae crenulatae; nares subobliquae, 


subrimaeformes; Oris rictus parvus rectus, angulo ` 


oculorum angulum posticum parum transcendente; pe- 
des antici breviusculi, tetradactyli, digitis omnibus 
totis liberis, longis, strictis, subulato-acuminatis, apice 
inermibus, externo cum interno, secundo cum tertio 
aequali longitudine; pedes postici validi, pentadac- 
tyli, toti palmati, digitis omnibus subangulatis, 
tertio cum quinto aequali longitudine, quarto omninm 
longissimo; truncus latus, inflatus. Speeies: Xeno- 
pus Boiei. 


; Son im Leydbner Gabinette bezeidnete ih die Art 
dices mertwirdigen Genus mit Bvie’s Namen, den fte 
nun um fo eher gu fúbren beredtiget ift, als wir durd) 
diefen fdharfiidtigen Zoologen ihre Gefdhidte náber erbláre 
erhalten werden. — Der ¿abn: und jungenlofen Sterns 
fingerunte (Asterodactylus m. Pipa Auctor.) ftebt 
fie am náditen; aud) vertritt fie bie Stelle derfeiben in 
Ufrica. — Bufo laevis Daud. (Pipa laevis et Pi- 
pa hufonia Merr.), welde mir fleté cin Mátbiel cebliesen 
war, gebórt alè Nominal - Species ¿u Xenopus Boiei, 
Die Daudinifdhe Abbildung davon ift unter aller Gritit; 
feine Lefdreibung bódft mabrídeintid nad einem febr 
befddbigten abgewesten Eremplare. Xn meinem ¡robos 
biologifden Werke (weldes, in gr. Fol. bey Gotta ere 
fheint, und wovon das erfte Heft mit 12 Tafeln fo 
eben die Pree verlágt), gete idy eine Abbilduma biefes 
T. ds Abieres nad einem eben geróbieten” Erem: 
plare, - : 


Wagler, 


Xenopus 


FIGURE 1.2 Wagler’s footnote to a letter from Heinrich Boie in /sis, containing the original suggestion of the name “Xenopus” in 1827. 


Chadarevian, 2002; Elliott, 1999). Maxwell’s gorgeous illus- 
trations are worth a look by any Xenopus researcher today, 
even rivaling the also fantastic images recently generated by 
Natalya Zahn (Zahn et al., 2017). 


1.3. PREGNANCY AND PROMINENCE: THE RISE 
OF XENOPUS AS A LABORATORY ANIMAL 


How Xenopus rose to worldwide prominence as a model 
organism is a fascinating story that has been told quite well 
in both academic and popular writing (Deuchar, 1975b; 
Gurdon and Hopwood, 2000; Yong, 2017). One reason 
the story resonates is, as Ed Yong put it in The Atlantic, 
because of the “fantastic name of Lancelot Hogben” (Yong, 


2017). Hogben is a well-known personality from the early 
20th century, not just for his scientific contributions (e.g. as 
an eminent physiologist and geneticist, a co-founder of the 
British Society for Experimental Zoology) but also for his 
compelling story (an ardent atheist and humanist, he was 
jailed as a conscientious objector during the First World 
War and was something of a gadfly for his entire career) 
(Erlingsson, 2016; Hogben, 1998; Sarkar, 1996). Born in 
England and wanting “to be a biologist long before I was 
twelve” (Hogben, 1998, p. 2), Hogben had a wildly peri- 
patetic early career in academic biology, working as fac- 
ulty at the University of Edinburgh, at McGill University 
in Canada, and by the late 1920s, at the University of Cape 
Town in South Africa. 
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A major research thrust for Hogben at the time, which had 
begun with Julien Huxley (Huxley and Hogben, 1922), was 
hormonal control of color changes in amphibia. He adopted 
Xenopus immediately upon his arrival in Cape Town, call- 
ing the animal a “godsend” (Hogben, 1998) (p. 101). Not 
only were the frogs plentiful, but they were “endowed with 
a very striking capacity for colour change” (Hogben et al., 
1931). Moreover, the animals could routinely survive pre- 
cise removal of the pituitary, allowing him to ask important 
questions. In a brief report to the Transactions of the Royal 
Society of South Africa in 1930, and in a more thorough 
study the following year in the Journal of Experimental 
Zoology, he reported that not only did removal of the pitu- 
itary disrupt color change but also elicited a profound “ret- 
rogression” of the ovaries (Hogben, 1930, 1998). This result 
was important because while the pituitary was implicated in 
the control of ovarian function, this direct experiment had 
not been possible in mammals. Perhaps even more striking, 
however, was the finding that extracts of the pituitary, when 
injected into Xenopus, were sufficient to induce ovulation 
(Hogben et al., 1931). 

It’s worth noting here that the J. Exp. Zool. paper was co- 
authored together with David Slome and also Hogben’s wife, 
Enid Charles, who was pursuing her PhD in Cape Town. Enid 
was every bit as compelling a character as her husband, and 
she, too, was both an ardent activist and an exceptional scien- 
tist. She worked first on endocrinology and reproductive biol- 
ogy but later emerged as a pioneering demographer and worked 
for the World Health Organization (Wargon, 2005); she also 
once risked her life in South Africa to smuggle two Bantu men 
in the trunk of her car past vigilante checkpoints looking to 
lynch the men (Hogben, 1998, pp. 114-115). With the rise of 
Apartheid, Lancelot and Enid left South Africa abruptly in the 
1930s, with Hogben becoming the chair of social biology at 
the London School of Economics, bringing Xenopus with him 
(Hogben, 1998, p. 121). Curiously, though their experiments in 
South Africa clearly demonstrated that, in principle, Xenopus 
could be used as a pregnancy test, this obvious application was 
never mentioned in those first two papers. 

Exactly what happened next in this story has been 
much debated, but Hillel Shapiro and Harry Zwarenstein 
in Cape Town pursued the use of Xenopus as a pregnancy 
test, reporting their findings first in the Proceedings of the 
Royal Society of South Africa in 1933 (see (Gurdon and 
Hopwood, 2000) and then in Nature in 1934 (Shapiro and 
Zwarenstein, 1934). In London, Charles Bellerby was simul- 
taneously pursuing the same goal (Bellerby, 1934). Though 
Shapiro and Zwarenstein reported their results first, the test 
came to be known as the “Hogben Pregnancy Test” after an 
article by the influential head of the Pregnancy Diagnosis 
Laboratory in Edinburgh, Frank Crew (1939). This led to a 
lively argument in the pages of the British Medical Journal, 
which sadly was never resolved (see Gurdon and Hopwood, 
2000). Pll not re-litigate the issue and instead will simply 
concur with JW.C. Gunn, who—serendipitously presaging a 
famous quote by Viktor Hamburger—suggested that “a little 
credit be given to the humble batrachian, which seems to 


give an invariably correct diagnosis” (Gunn, 1939). Over the 
next 20 years or so, the Xenopus pregnancy test became the 
worldwide state of the art. Thus, by the mid-20th century, 
substantial colonies of Xenopus could be found in several 
universities (Van Sittert and Measey, 2016). 

Among the most significant for this story was the col- 
ony at the Utrecht Laboratories in the Netherlands, where 
a young Pieter Nieuwkoop pursued his PhD studies under 
Nazi occupation during World War II (Gerhart, 1987). 
Nieuwkoop described Xenopus as an “important acquisi- 
tion” for embryologists, noting its robust and rapid develop- 
ment as well as its amenability to microsurgery (Nieuwkoop 
and Van De Kamer, 1946). Shortly after, Nieuwkoop and 
Faber began the tedious but essential task of creating an inti- 
mately detailed normal table for Xenopus (1956), a source- 
book whose wealth of information is still critical to the 
day-to-day work of Xenopus researchers and is available in 
a more recent reprinting (Nieuwkoop and Faber, 1994). 

Of course, amphibians had already played a central role 
in experimental embryology for half a century, but research- 
ers had been restricted to the breeding seasons of their local 
species (Beetschen, 2004). Now, Xenopus and the preg- 
nancy test provided not just an amphibian that could be 
induced to lay eggs year-round but also one that was already 
kept in laboratories across the world. Xenopus then quickly 
evolved into a “model organism,” a concept just coming into 
focus in the mid-20th century (Leonelli and Ankeny, 2013). 
Nieuwkoop, of course, went on to use Xenopus to make a 
wide range of seminal contributions to our understanding of 
early vertebrate development (Gerhart, 1997, 1999). 

The Pregnancy Diagnosis Center in Edinburgh also remained 
an important source of Xenopus for developmental biologists, 
especially C.H. Waddington and his legions of trainees 
(Slack, 2002). Among these was Michail Fischberg, who 
joined Waddington’s group in 1948. When Fischberg left to 
establish his own group at Oxford, he took Xenopus with him 
(Gurdon and Hopwood, 2000). Fischberg then had the fore- 
sight to isolate mutants of Xenopus that lack nucleoli (Elsdale 
et al., 1958), a resource that would have a profound impact on 
both developmental and molecular biology. Fischberg, too, 
would introduce Xenopus to its most important advocate, a 
young PhD student named John Gurdon. 

A middling student of biology in school, Gurdon was 
admitted to the biology program at Oxford essentially 
by accident (Gurdon, 2008). However, during his PhD, 
Fischberg put him onto the knotty problem of nuclear toti- 
potency, and the rest is history. The concept of nuclear 
transplantation originated with Rauber’s unsuccessful 
experiments with frogs and had been attempted several times 
over the decades (Beetschen and Fischer, 2004; Rauber, 
1886). Fischberg and Gurdon knew that work done in 
Rana by Briggs and King suggested that some transplanted 
nuclei from somatic cells could sustain development, but 
this capacity seemed to be lost at later stages (Briggs and 
King, 1952, 1953; King and Briggs, 1954). In what must be 
among the most remarkable PhD theses in modern biology, 
Gurdon used genetically marked anucleolate mutants in a 


series of papers to convincingly demonstrate the totipotency 
of somatic nuclei (Fischberg et al., 1958; Gurdon, 1960; 
Gurdon, 1962; Gurdon et al., 1958; Laskey and Gurdon, 
1970). These experiments laid the foundation of our modern 
understanding of nuclear reprogramming (Gurdon, 2017), 
and, together with Shinya Yamanaka, Gurdon was honored 
with the Nobel Prize in 2012. 

Accordingly, much has now been written about Gurdon 
and his work, so I won’t add the story here (Yamada et al., 
2015; Yamanaka and Blau, 2010). I will, however, direct the 
reader to some delightful retrospectives by Sir John himself 
(Gurdon, 2013a, 2013b). When reading these “memoirs” from 
2013, one should bear in mind that in the same year, Gurdon 
continued his work on nuclear reprogramming (Miyamoto 
et al., 2013) and produced an authoritative review of the cur- 
rent state of the field (Halley-Stott et al., 2013). 


1.4. SOME UNSUNG HEROES OF 
EARLY DEVELOPMENTAL BIOLOGY 
RESEARCH WITH XENOPUS 


Gurdon’s work had an outsized impact on developmental 
biology, and I’d argue it also had a big impact on the his- 
tory of Xenopus. In terms of biology, those high-profile find- 
ings obviously helped to spur the frog to widespread use as 
a model organism. From the standpoint of history, however, 
the glare of those bright discoveries may also have obscured 
other work using Xenopus in the mid-20th century, as little 
is now written of several other notable discoveries. 

For example, nuclear pores were discovered in Xenopus 
(Beck and Hurt, 2017). Harold “Mick” Callan, who had built 
radar equipment during WWII, worked under Waddington 
in Edinburgh in the beginning of his career in biology (Gall, 
2003). He would become far more well known for his work 
on lampbrush chromosomes, but in 1949 and 1950, with the 
help of S.G. Tomlin at King’s College London, he became 
the first to examine the nuclear membrane with “the” elec- 
tron microscope (Callan et al., 1949; Callan and Tomlin, 
1950). Using both Xenopus and Triturus oocyte nuclei, they 
described the double layers of nuclear membranes as well 
as the nuclear pores for the first time. They did, however, 
mistakenly conclude that the pores traversed only the outer 
nuclear membrane. It would take decades for the idea of 
nuclear pores to become commonly accepted, but Callan’s 
method of exploiting large oocyte nuclei would be crucial to 
that effort (Beck and Hurt, 2017; Gall, 2003). 

Xenopus also played a key role in our understanding of pri- 
mordial germ cells, still a murky area in the 1950s. Working 
at times with Fischberg, Antoine Blackler developed meth- 
ods for the transplantation of germ cells in Xenopus, again 
using the anucleolate mutant as a marker, and thereby pro- 
vided the first direct experimental demonstration that germ 
plasm-containing cells in the very early embryo colonized 
the gonad and were responsible for producing the gametes 
(Blackler and Fischberg, 1961; Blackler, 1958, 1960). A mod- 
ified version of this germ cell transplantation approach was 
recently developed for isolating CRISPR-based mutations 
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in essential genes (Blitz et al., 2016). There are, of course, 
numerous other discoveries from this period, but from the 
large cast of characters using Xenopus in the middle 20th 
century, Pll discuss two in more detail that I feel deserve 
more attention from modern practitioners. 

The first is Elizabeth Deuchar. A PhD student with 
C.H. Waddington in Edinburgh, she would publish dozens 
of papers from her independent lab and write a handful of 
books. Her work included not only of-their-time microsur- 
gical experiments on embryonic induction and somite seg- 
mentation (Deuchar and Burgess, 1967; Waddington and 
Deuchar, 1953) but also more forward-looking biochemical 
studies in embryos (Deuchar, 1956, 1961), as well as early 
studies of regeneration in Xenopus (Deuchar, 1975a). Later, 
she would make the move to mammalian embryos, describing 
a decades-ahead-of-its-time method for time-lapse imaging of 
gastrula stage rat embryos (Deuchar and Parker, 1972). 

Accounts of the time report that she was quiet and shy 
(Bellairs, 1980; Fellows of St Hugh’s College, 1980), though 
it’s clear that she wasn’t easily intimidated. Her hilariously 
scathing letter to Nature taking issue with a paper by 
Francis Crick on diffusion in embryos should be required 
reading (Crick, 1970; Deuchar, 1970). In the end, time has 
proven Crick largely right, but the issue continues to be 
studied a half-century later (e.g. Miiller et al., 2013), and we 
should all admire her lively debating style! Sadly, Elizabeth 
Deuchar passed away from cancer in 1979, at the young age 
of 52. 

Luckily for us, she completed a book in 1975 that pro- 
vides a remarkably comprehensive accounting of Xenopus 
research during the mid-20th century. In the book’s rather 
touching preface, she paid tribute to Xenopus and to the 
embryos she obtained from tests at the Pregnancy Diagnosis 
Center in Edinburgh. She laments, however, that many of 
her embryos “alas!—perished in the cold and vibration as I 
bicycled with them . . . over the cobbled streets” back to her 
lab (Deuchar, 1975b). 

Another now-underappreciated pioneer of Xenopus 
research is Osamu Nakamura. Nakamura trained under Yo 
Kaname Okada, who together with Katsuma Dan estab- 
lished Japan as a powerhouse of experimental embryology 
in the first half of the 20th century (Okada, 1994). In the 
1920s and 1930s, Okada and others like Tsuneo Yamada 
brought cutting-edge techniques in amphibian embryology 
back from France and Germany, and Nakamura’s early suc- 
cesses included improving the methods for vital dye fate 
mapping and correcting earlier errors in urodele fate maps, 
taking advantage of the fact that “Kyoto is a newt paradise” 
(Asashima, 2002). In the 1960s, Nakamura published an 
important series of lectures advocating the use of the new 
methods of molecular biology for studying the embryo, 
though of course this idea was ahead of its time and would 
not become a reality for two decades more. 

By the 1970s, Nakamura had adopted Xenopus as his 
primary research material. In 1971, he used vital dye stain- 
ing to produce the very first fate map of the blastula-stage 
Xenopus embryo (Nakamura and Kishiyama, 1971). Later 
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fate maps using more advanced methods are now com- 
monly used by the community to target microinjections 
(Dale and Slack, 1987; Moody, 1987), but these—and also a 
largely forgotten fate map by Nakamura’s colleague Hiroko 
Takasaki (1987)—proved Nakamura’s early conclusions 
mostly correct. 

Nakamura also carried out a remarkable series of stud- 
ies on the effects of removing specific blastomeres from 
the early embryo. These studies helped to precisely define 
the inductive interactions that pattern the early embryo 
(Nakamura et al., 1970, 1971) and later influenced some 
the earliest molecular studies of vertebrate axial patterning 
(e.g. Gurdon et al., 1984; Rosa et al., 1988; Yisraeli et al., 
1990). Finally, in a little-noticed paper from 1971, he used 
electron microscopy to explore the developmental biology 
of nucleoli in the early embryos (Nakamura and Yamada, 
1971), extending prior work done by Elizabeth Hay and John 
Gurdon (Hay and Gurdon, 1967). Professor Nakamura went 
on to become president of two universities and was widely 
celebrated in Japan. 


1.5. THE NINTH DAY OF CREATION: XENOPUS 


AT THE DAWN OF MOLECULAR BIOLOGY 


As the 20th century passed into its second half, the advent 
of molecular analysis revolutionized biology. It may seem 
hard to imagine now, but before the invention of recombi- 
nant DNA technologies, isolating genes was the domain of 
biochemists (Birnstiel, 2002; Brown, 1994). Given the mas- 
sive amounts of material that can be obtained from Xenopus, 
the frog played a crucial role. In fact, the sheer scale of dis- 
covery using Xenopus precludes a comprehensive discussion 
here, so I direct the reader to a great review by one of the 
principal figures (Brown, 2004). A brief summary of the key 
landmarks might look like this: 

Owing to its very high CG content, ribosomal DNA (rDNA) 
could be separated on cesium chloride gradients, and thus 
the rDNA of Xenopus became the first eukaryotic gene ever 
isolated, by Max Birnstiel (Birnstiel et al., 1966). He further 
demonstrated that the anucleolate mutants of Xenopus iso- 
lated by Fischberg lacked rDNA, providing a glimpse of the 
future in which genetics and biochemistry would work hand 
in hand (Wallace and Birnstiel, 1966). Shortly thereafter, 
Don Brown isolated the second family of genes: that encod- 
ing the 5S rRNA in Xenopus (Brown et al., 1971). As a result, 
the Xenopus 5S rDNA was the first eukaryotic gene ever to 
be fully sequenced (Fedoroff and Brown, 1978; Miller et al., 
1978). (For modern molecular biologists hoping to grasp the 
massive effort required here, note that the sequencing of this 
one gene warranted back-to-back papers in Cell.) 

As if that weren’t enough, this string of exceptional studies 
was paralleled by several other contemporaneous break- 
throughs in other realms of molecular biology, starting 
with a paper titled simply “Deoxyribonucleic Acid in 
Amphibian Eggs,” in which Igor Dawid discovered mito- 
chondrial DNA and demonstrated its maternal inheritance 
in Xenopus (Dawid, 1965, 1966). Moreover, studying 


lampbrush chromosomes in Xenopus, Joe Gall demon- 
strated that chromosomes of higher eukaryotes (with their 
much larger genomes) consisted of single DNA strands 
(Gall, 1963), as Meselson and Stahl had shown for pro- 
karyotes. Together with Mary Lou Pardue, Joe Gall also 
used Xenopus for the invention of in situ hybridization 
(Gall and Pardue, 1969). 

Xenopus also played a role in early explorations of the 
central dogma, providing an exceptional system for stud- 
ies of transcription and translation. The rabbit globin gene 
became the first eukaryotic mRNA to be isolated in 1969, 
and mammalian cell-free lysates were used to translate 
this into Globin protein shortly thereafter, but only vanish- 
ingly small amounts of protein could be made (Lockard and 
Lingrel, 1969). In 1971, John Gurdon (again) showed that the 
Xenopus oocyte could produce enormous amounts of pro- 
tein when injected with mRNA (Gurdon et al., 1971), lead- 
ing to its widespread use for this purpose. Around the same 
time, Bob Roeder discovered that Xenopus oocytes were 
loaded with RNA polymerases (Roeder, 1974), and Gurdon 
(yet again) showed that purified DNA could be transcribed 
when injected in Xenopus oocytes (Mertz and Gurdon, 
1977), making this system an effective platform for studies 
of transcription. Indeed, the Xenopus 5S gene would have 
yet another star turn, when Roeder and colleagues isolated 
the first eukaryotic transcription factor, TFHIA, and showed 
that it bound internal control regions in this gene (Engelke 
et al., 1980; Sakonju et al., 1981). 

This golden age of molecular biology with Xenopus led 
directly to its modern use in cell and developmental biology. 
Ultimately, Brown, Gall, and Roeder would each receive a 
Lasker Award for their discoveries made in Xenopus, and 
each has written entertaining retrospectives on these discov- 
eries (Brown, 2012; Gall, 2006; Roeder, 2019). 


1.6. WHERE HISTORY STOPS AND 
“THE LITERATURE” BEGINS 


This chapter has covered roughly 180 years of the history of 
research with Xenopus, and obviously, there is a great deal 
more to tell. The 1980s was a decade of explosive growth 
for Xenopus research, and the frog would be used for semi- 
nal contributions spanning the biochemical analysis of the 
cell cycle, to fundamental analyses of replication and tran- 
scription, to the hunt for molecular regulators of develop- 
ment. For example, Manfred Lohka and Jim Maller would 
develop the Xenopus egg extract system (1985), building on 
Lohka’s work with Lasker Award winner Yoshio Masui with 
extracts from Rana (Lohka and Masui, 1983). Such extracts 
would prove invaluable for a wide range of studies of the 
cell cycle, DNA replication, and the cytoskeleton (Blow 
and Laskey, 2016; Maller, 2012; Masui, 2001). At this 
same time, molecular analysis of development in Xenopus 
also exploded, a story that has been insouciantly told by 
Jonathan Slack in his book Egg & Ego (Slack, 1999). On a 
personal note, the close of the 1980s would see me squeeze 
my first frogs and look at the tadpoles with a microscope. 
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That experience changed my life forever. I have been 
inspired by “the humble batrachian” and the people who 
study it for over 30 years now. I can’t wait to see what the 
next 30 years will bring. 
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2.1. INTRODUCTION 


The eggs of the African clawed frog, Xenopus laevis, have 
played critical roles in our understanding of the regulation 
of nuclear events and cell cycle control. Some of the earliest 
studies involved the use of Xenopus eggs to reprogram nuclei 
from an adult frog. Following injection of somatic nuclei 
into the enucleated egg, a considerable portion of the eggs 
would go on to cleave and some even go on to form adult 
frogs (Gurdon, 1962). These striking results challenged the 
prevailing notion that cells could not “dedifferentiate,” that 
is, go from a differentiated cell type to a thoroughly pluripo- 
tent embryonic state. The second conclusion that could be 
drawn from this experiment was that the nuclear changes that 
occurred upon differentiation were largely epigenetic; factors 
were present in the egg that could reprogram the nuclei, lead- 
ing to changes in gene expression and thus cell fate. In this 
extreme case, nuclei from somatic epithelial cells were repro- 
grammed simply through incubation in egg cytoplasm. This 
notion had fundamental implications for several fields of 
study and led to significant efforts to optimize the preparation 
of cytoplasmic extracts for further in vitro experimentation. 
By the mid 1970s, it was becoming clear that the indi- 
vidual steps involved in cell division, including chromosome 
condensation, spindle assembly, nuclear envelope dynam- 
ics, and DNA replication, were somehow interdependent. 
Genetic experiments from Leland Hartwell and colleagues 
demonstrated the existence of the “cell division cycle,” a 
regulatory system that controls the events of cell division 
(Hartwell et al., 1974). They identified a set of temperature- 
sensitive yeast mutants that arrested with the characteris- 
tic morphology of each step of cell division. This implied 
that an intrinsic regulatory system ensured timely, ordered 
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completion of all the steps of cell division. The genetics 
were clear, but the mechanisms remained to be elucidated. 


2.2. IN VITRO RECAPITULATION OF CELL 


CYCLE EVENTS 


In parallel with genetic analyses in fungal models, investiga- 
tors worked to develop biochemically tractable methods to 
characterize the stages of cell division. In groundbreaking 
experiments, Rao and Johnson showed that the cytoplasm 
from one cell could impose cell cycle control on nuclei from 
a cell fusion partner (Rao and Johnson, 1970). This observa- 
tion inspired efforts to develop new experimental systems 
to monitor and manipulate the steps of cell division in vitro. 
Previous experiments suggested that amphibian eggs might 
provide an excellent source of material from which to build 
such a system: frog eggs are relatively large; laid in abun- 
dance; moderately soft and easy to lyse; and stockpiled with 
material required for multiple, rapid rounds of cell division 
in the absence of new transcription. 

Foundational work by Gurdon and colleagues showed 
that Xenopus egg cytoplasm had the capacity to induce 
DNA replication in somatic nuclei that were micro-injected 
into Xenopus eggs (Graham et al., 1966). The induction 
of DNA replication in nuclei that had been isolated from 
post-mitotic tissues suggested that egg cytoplasm contains 
critical regulators of DNA replication and, interestingly, 
that the species from which the nuclei were isolated was 
relatively unimportant: it worked as well with mouse nuclei 
as frog nuclei. The Gurdon micro-injection experiment was 
essentially moved into the test tube by Benbow and Ford in 
1975. They successfully prepared a concentrated cytosolic 
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extract from Xenopus eggs and showed that somatic frog 
nuclei added to it could be induced to undergo DNA rep- 
lication. This experiment confirmed that nuclei from cells 
in the quiescent state (liver) could be induced to enter S 
phase by egg cytosol and that DNA replication would occur 
by recruitment of necessary components from the extract. 
These experiments supported the notion that the major driv- 
ers of cell cycle progression were in fact cytoplasmic factors 
and not nuclear ones. 

A critical breakthrough in egg extract preparation and 
use was made by Masui and Lohka in 1983. Using concen- 
trated cytoplasmic extract prepared from Rana pipiens eggs 
and sperm nuclei from Xenopus laevis, they documented 
morphological and biochemical changes associated with 
progression through the cell cycle. These events included 
nuclear assembly, DNA replication, and after some time 
had elapsed, nuclear envelope breakdown and chromosome 
condensation. Importantly, in this experiment, the nuclei 
had been pre-treated with detergent to remove membranes 
and many nuclear-associated proteins. The results suggested 
that the nuclei had assembled and progressed through the 
cell cycle through the recruitment of components from the 
extract. Through fractionation of the extract, they were fur- 
ther able to show that both the soluble and particulate com- 
ponents of the extract were required for DNA replication 
to occur: the particulate component contained membrane 
vesicles that could fuse to form a nuclear envelope, and the 
soluble fraction contained proteins and other factors, such as 
nucleotides, critical for nuclear assembly and function. 


Xenopus 


In experiments related to those using egg extracts, 
Gerhart, Kirschner, and colleagues characterized an activity 
which they named maturation promoting factor (MPF) using 
Xenopus eggs and oocytes. MPF was defined as a cytoplas- 
mic activity that could be transferred from a mature egg into 
a late-staged oocyte, causing the recipient oocyte to mature 
into an egg (Masui and Markert, 1971; Smith and Ecker, 
1971). The fact that during maturation, the meiotic cell cycle 
is driven from meiosis I to arrest into meiosis II suggested 
that MPF, a cytoplasmic factor, might itself be a driver of 
the cell cycle. MPF had striking and unusual properties: it 
caused oocyte maturation even when significantly diluted 
(100-fold!) prior to injection into the recipient oocyte, and 
the level of MPF decreased upon egg fertilization and cycli- 
cally reappeared with a period like the cleavage cycles of the 
early embryo, as shown in Figure 2.1 (Gerhart et al., 1984). 

The characterization of MPF and the extract experi- 
ments of Lohka and Masui were consistent with a model in 
which cytoplasmic activities drove cell cycle progression. 
But what exactly were these activities? In a remarkable and 
exciting convergence of work from different experimental 
models, MPF was proven to be a kinase whose activity was 
controlled by a regulatory subunit called Cyclin (Kirschner, 
2020). Cyclin had been identified previously as a protein 
whose level fluctuated with cleavage divisions in clams and 
sea urchins (Evans et al., 1983). Murray and Kirschner gen- 
erated Xenopus egg extracts capable of multiple autonomous 
cell cycles in vitro, which could be monitored by changes in 
nuclear morphology. Using this kind of extract, they proved 
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Early development and the cell cycle. When oocytes mature into an egg, the level of maturation promoting factor (MPF) 


kinase activity rises and is sustained during meiosis II meiotic arrest by the activity of cytostatic factor (CSF). Following fertilization, MPF 
levels fall and subsequently rise and fall in synchrony with the cleavage stage divisions. CSF can be assayed by transferring cytoplasm from 
an egg into one blastomere of a fertilized embryo, which causes that cell to cease dividing, while the rest of the embryo continues to cleave 
(bottom). MPF can similarly be assayed by transfer of cytoplasm from an M phase cell into an oocyte, which causes it to mature into an egg 
(not shown). These principles guided our earliest understanding of the biochemistry of cell division control. See text for details. 
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that cyclin mRNA (in this case from sea urchins) was nec- 
essary and sufficient to drive oscillations in MPF activity 
(Murray and Kirschner, 1989). To do this, they destroyed all 
endogenous RNA in the extract by nuclease treatment and 
then added back synthetic cyclin mRNA (in the presence of 
RNase inhibitor). This resulted in multiple cell cycles in vitro. 
In this cycling extract, the Cyclin protein accumulated dur- 
ing interphase and was degraded at exit from M phase. This 
elegant experiment showed that everything required to drive 
the oscillation between interphase and mitosis was present 
in the egg cytosol and, importantly, that the level of Cyclin 
protein oscillated with MPF activity. The highly conserved 
kinase activated by Cyclin had previously been identified as 
one of the cell cycle genes mutated in Hartwell’s screen in 
budding yeast (cdc2) and a similar screen done in fission 
yeast (cdc28) (Hartwell et al., 1974; Lórincz and Reed, 
1984). This kinase was indeed so conserved that the human 
gene was able to complement the temperature-sensitive 
allele in fission yeast, confirming the universal nature of cell 
cycle control in eukaryotes (Lee and Nurse, 1987). 

The observation that cytoplasmic factors drive cell cycle 
progression was also consistent with a striking observation 
made previously by Hara and Kirschner (Hara et al., 1980). 
They had found that enucleated Xenopus eggs that were 
stimulated to exit meiotic arrest underwent a series of coor- 
dinated movements called surface contraction waves. When 
the eggs were examined from the side, these movements 
caused the eggs to appear to “bounce” up and down with the 
same periodicity as the cell cycle. The fact that these events 
occurred in the absence of nuclei was consistent with the 
notion that the cell cycle machinery represented an autono- 
mous, cytoplasmic oscillator to which cytoskeletal compo- 
nents would respond. In the following years, we learned that 
cycling extracts and “bouncing eggs” are detectable in frog 
eggs because these cells are insensitive to external inputs: 
checkpoints that become active later in development are 
not yet fully active, so the cytoplasmic oscillatory machine 
trundles along, unaffected by feedback from DNA replica- 
tion, a mitotic spindle, or cell cleavage. In the context of the 
Xenopus embryo, the ability to undergo more than a dozen 
cleavage divisions without new gene expression forms the 
basis for its remarkable usefulness as an in vitro model for 
studying cell division. 


2.3. PROTEIN DEGRADATION DRIVES 
THE CELL CYCLE 


In their extract experiments, Murray and Kirschner estab- 
lished that a particular deletion mutant of Cyclin (A90) 
was able to drive entry into mitotic (M) phase but was not 
destroyed like wild-type Cyclin, preventing M phase exit 
(Murray et al., 1989). These results suggested that regulated 
proteolysis of Cyclin was necessary for exit from M phase. 
To better understand how Cyclin destruction was regulated, 
the Kirschner group purified the activity leading to Cyclin 
degradation from Xenopus egg extract. Prior to degradation, 
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Cyclin had been seen to accumulate high molecular weight 
derivatives, which were ultimately shown to be ubiquitin 
conjugates (Glotzer et al., 1991). The activity eventually 
purified was later identified as an E3 ubiquitin ligase, which 
was named the anaphase promoting complex (APC) (King 
et al., 1995). Satisfyingly, this large (20S) protein complex 
was shown to contain subunits homologous to yeast proteins 
that had previously been shown to control Cyclin degrada- 
tion (Irniger et al., 1995). While the APC was purified from 
frog egg extract, the analogous complex was purified from 
clam embryos by Hershko and colleagues and named the 
Cyclosome (Sudakin et al., 1995). Thus, again, yeast genetics 
and extract biochemistry converged on a conserved mecha- 
nism of cell cycle control in all eukaryotes. The cell cycle 
resulted from the accumulation of mitotic Cyclin protein, 
which in turn led to activation of MPF, which in turn led to 
activation of the anaphase promoting complex/Cyclosome 
(APC/C), which in turn led to destruction of Cyclin, reset- 
ting the cycle. 

It soon became evident that the APC/C had other sub- 
strates in addition to Cyclin. As mentioned previously, 
Murray and Kirschner had found that deletion of the N 
terminus of mitotic Cyclin (Cyclin A90) resulted in mitotic 
arrest. The nature of the arrest was interesting and unique: 
although MPF levels remained high due to the persistence 
of Cyclin, the APC/C remained active, creating an artificial 
“early anaphase”-like state in vitro. This discovery provided 
an ideal system with which to identify additional APC/C 
substrates. By incubating small pools of in vitro translated 
and radiolabeled proteins in egg extracts with active APC, it 
was possible to identify additional substrates based on their 
instability in Cyclin A90-treated extract, compared to inter- 
phase controls. In this manner, several key effectors of cell 
cycle control were identified (King et al., 1997; McGarry 
and Kirschner, 1998; Stukenberg et al., 1997; Zou et al., 
1999). In time it would be shown that the APC/C in somatic 
cells was activated by two different substrate specificity fac- 
tors: Cdc20 protein upon mitotic exit and Cdhl in the Gapl 
or Growthl (Gl) phase of the cell cycle (Fang et al., 1998a). 
Although Cdhl activity is undetectable in Xenopus egg 
extracts, the addition of recombinant Cdh1 protein to inter- 
phase extract results in an artificial Gl-like state in which 
Cdh1-dependent substrates of the APC/C were degraded. 
Based on these observations, additional small pool screens 
were performed in egg extracts to identify G1 substrates of 
the APC/C (Ayad et al., 2005, 2003; Rankin et al., 2005). 
Similar screens were performed to identify mitotic phos- 
phoproteins, based on their shift in electrophoretic mobil- 
ity in mitotic versus interphase extracts (Lustig et al., 1997; 
Stukenberg et al., 1997) 

Xenopus egg extracts were also used to investigate the 
mechanisms of APC-dependent degradation. Because deg- 
radation of radiolabeled APC substrates is readily detectable 
in egg extracts, it was relatively straightforward to identify 
specific sequences in substrate proteins that promote their 
recognition and degradation by screening for mutations 
that disrupted degradation. Cdc20 substrates were shown 
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to contain a specific sequence named the destruction- or 
d-box required for their turnover (Glotzer et al., 1991). 
Cdh1-dependent substrates were found to have a different 
degradation-ensuring sequence motif, or “degron,” called 
the KEN box, named for the Lysine (K)—Glutamic Acid 
(E)—Asparagine (N) sequence required to signal for degra- 
dation (Pfleger and Kirschner, 2000). The number of iden- 
tified APC substrates has continued to grow, suggesting 
involvement of the APC in diverse intracellular pathways 
of both actively dividing and post-mitotic cells (reviewed in 
(Davey and Morgan, 2016)). Characterization of the APC/ 
Cyclosome is ongoing and continues to shape how we think 
about the cell cycle and its regulation. 


2.3.1. PAUSING THE CELL CYCLE 


While the cell cycle is remarkably processive in egg extracts, 
there are distinct pause points that have been documented 
and used to better understand cell cycle control. In mature 
Xenopus eggs, the cell cycle is arrested in metaphase of 
meiosis II. This arrest is dependent on a factor called cyto- 
static factor (CSF), an activity that proved very challenging 
to define at the molecular level but was ultimately identified 
using Xenopus models. CSF, originally identified in Rana 
eggs, is an activity that results in cell cycle arrest follow- 
ing transfer of small amounts of egg cytoplasm into blasto- 
meres of a cleavage stage embryo (Masui and Markert, 1971). 
Cytological examination of the blastomeres of similarly 
treated Xenopus embryos showed fully developed spindles 
and condensed chromosomes in the arrested cells, consistent 
with M phase arrest (Moses and Masui, 1989). The cytoplas- 
mic transfer experiment proved that the activity of CSF is 
dominant, causing cycling blastomeres to arrest with high 
MPF levels at the next M phase following injection. The fact 
that CSF could arrest post-fertilization embryos suggested 
that CSF, while normally restricted to meiotic cells, was 
able to arrest the mitotic cell cycle equally well. During CSF 
arrest, the APC/C is inhibited, preventing degradation of 
Cyclin and thus exit from M phase. Experiments over a num- 
ber of years ultimately showed that CSF arrest requires both 
the MOS-MAPK signaling that occurs during oocyte matu- 
ration (reviewed in Tunquist and Maller, 2003) and a protein 
called Emi2/xErp1 (Tung et al., 2005). Emi2 binds to and 
inhibits the APC/C and is degraded upon egg fertilization. 
CSF transfer can both arrest cleavage-stage embryos and be 
used in vitro to arrest egg extracts in M phase. Simply add- 
ing CSF arrested extract (prepared from unfertilized eggs) to 
cycling extract results in CSF arrest of the recipient extract. 
This approach has practical applications such as in the study 
of mitotic chromosomes and spindles following DNA repli- 
cation in vitro (Silva and Rankin, 2018; Song et al., 2012). 

In somatic cells, the cell cycle can be paused or arrested 
during mitotic divisions, and Xenopus models have helped 
elucidate these mechanisms. The spindle checkpoint is a sur- 
veillance mechanism that prevents activation of the APC/C 
(and therefore mitotic exit) in the presence of unattached 
chromosomes. This mechanism was first characterized in 
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budding yeast (Li and Murray, 1991), but critical experiments 
in Xenopus showed that the mechanism was conserved in 
vertebrates. Chen et al. showed that the checkpoint can be 
triggered in egg extracts by the presence of high numbers 
of chromosomes and the microtubule poison nocodazole, 
which results in checkpoint signaling from unattached 
kinetochores (Chen et al., 1996). They also confirmed that 
the frog ortholog of the yeast Mad2 protein was critical to 
the arrest and that the Mad2 protein accumulated at the 
unattached kinetochores. Mad? activity was further char- 
acterized in egg extracts and proved to be an inhibitor of 
the APC/C (Fang et al., 1998b; Li et al., 1997). The logic 
of the pathway is clear: unattached kinetochores prevent 
exit from mitosis by preventing Cyclin degradation. Once 
chromosome attachments are made, the signaling pathway 
is turned off, and mitotic exit can occur, ensuring accurate 
chromosome segregation. 

There are also checkpoints that arrest the cell cycle in 
interphase in response to DNA damage or incomplete DNA 
replication. These mechanisms, which prevent mitotic entry 
through signaling cascades that inhibit activation of MPF, 
have been elucidated using Xenopus egg extracts and are 
nicely reviewed elsewhere (Cupello et al., 2016; Garner 
and Costanzo, 2009; Hoogenboom et al., 2017; Lin et al., 
2019; Lupardus et al., 2007; Peng et al., 2008; Smythe and 
Newport, 1992). Interestingly, certain checkpoints appear 
not to be fully active in Xenopus development until the early 
cleavage cycles are over. The weakness of these checkpoints 
in eggs and cleavage-stage embryos results in a strikingly 
robust cell cycle prior to this time. The accumulation of 
nuclei and the resulting change in nuclear-cytoplasmic ratio 
that occur following cell cleavage divisions can be repli- 
cated in vitro through titration experiments. For example, 
signaling from a single nucleus in a microliter of extract (or 
an egg) is insufficient to prevent mitotic entry when DNA 
replication is blocked, but titration of nuclei into the same 
extract can generate a significant signal and prevent M phase 
entry. Similarly, the spindle checkpoint from a low concen- 
tration of unattached kinetochores does not cause M phase 
arrest in egg extract, but addition of a large number of nuclei 
with spindle attachment problems generates a robust mitotic 
arrest (Chen et al., 1996). Thus, though the checkpoints are 
not generally active until later in development, the compo- 
nents required are present in the egg and can be stimulated 
to act under the certain conditions. 


2.4. SYSTEMS BIOLOGY OF THE CELL CYCLE 


Xenopus eggs and embryos have not only provided a system 
to identify components that make up the cell cycle engine 
but have also been instrumental in the development of math- 
ematical models for how cell cycle transitions are controlled 
and the feedback mechanisms that ensure switch-like transi- 
tions from interphase to M phase and back (Kim and Ferrell, 
2007; Novak and Tyson, 1993; Pomerening et al., 2005; 
Solomon et al., 1990). The ideas proposed by this model- 
ing have been tested and validated using egg extract (Kim 
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and Ferrell, 2007; Pomerening et al., 2005; Sha et al., 2003; 
Solomon et al., 1990). The experiments ultimately con- 
firmed the model that cell cycle transitions in extract, which 
occur independently of nuclear activity, are bistable: only 
interphase and M phase are stable states, and both positive 
and negative feedback loops ensure that transitions between 
the two are rapid and concerted. 

Having worked out the nature of the transitions between 
S phase and M phase, another important systems-level ques- 
tion that was addressed using egg extracts is: How are cell 
cycle transitions propagated within the cytoplasm? This is of 
particular interest in large cells such as the amphibian egg. 
The surface contraction waves in the egg had been shown to 
represent a wave of cell cycle progression from the top (ani- 
mal pole) of the egg to the bottom (Pérez-Mongiovi et al., 
1998; Rankin and Kirschner, 1997). This wave model was 
subsequently explored in vitro using egg extract to elucidate 
the nature of the cell cycle wave (Chang and Jr, 2013). To 
do this, egg extract was supplemented with a recombinant 
fluorescent nuclear protein and loaded into capillary tubes. 
Cell cycle progression within the tubes was then analyzed by 
time-lapse analysis of nuclear accumulation of the fluores- 
cent protein, which occurs only during interphase, when the 
nuclear envelope is intact. In this system, the accumulation 
and loss of nuclear signal serves as a surrogate for cell cycle 
progression. The results indicate that the cell cycle pro- 
gresses as a trigger wave, expanding from sites of initiation 
and radiating out. Similar approaches were subsequently 
used to analyze propagation of apoptosis in egg extract, and 
recently a previously unknown impact of nuclei on cell cycle 
progression was analyzed using a related approach (Afanzar 
et al., 2020; Cheng and Ferrell, 2018). 

The rapid oscillatory nature of the cell cycle in the early 
frog embryo has clearly enabled important studies on the 
nature of the cell cycle, but it is also a limitation. Because 
the cell cycle proceeds independently of transcription, early 
Xenopus models are generally not appropriate for the study 
of cell cycle entry or exit, which are transcription dependent 
and emerge later in development. In addition, the absence 
of Gap/Growth phases in the early embryo has somewhat 
limited the utility of egg extracts in the study of events that 
unfold during Gl and G2 in somatic cells. 


2.5. DNA REPLICATION CONTROL 


The ability to control cell cycle transitions in vitro using 
egg extracts opened the door for the study of cellular events 
downstream of the cell cycle. Perhaps the field that most ben- 
efited from in vitro control of the cell cycle was the study of 
DNA replication. Low-speed Xenopus egg extracts have sev- 
eral distinct advantages for DNA replication research. First, 
because eggs are stockpiled with material to support the first 
12 divisions without new RNA synthesis, they contain all 
the components to assemble and replicate ~4000 nuclei per 
egg. Second, the low-speed extracts are rich in the mem- 
branous component that can dock and fuse to form nuclear 
envelopes at exit from M phase. Additionally, the extracts 
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are essentially devoid of nuclei, allowing the addition of 
model replication substrates, typically Xenopus sperm nuclei 
that have been isolated and demembranated by detergent 
treatment. Finally, the absence of plasma membrane makes 
trivial the addition of labeled nucleotides, drugs, and other 
interventions important to understand DNA replication. As 
in many systems, the early embryonic divisions in Xenopus 
embryos are much more rapid than those that occur later in 
development. In the cleavage-stage Xenopus embryo, cleav- 
ages occurred in about 30 minutes, with complete genome 
duplication between each cleavage. Although replication 
occurs somewhat more slowly in egg extracts, it is largely 
complete within 45-60 minutes and very synchronous. This 
makes Xenopus egg extract a particularly powerful and trac- 
table tool for studying DNA replication in vitro. What can 
take 6-20 hours in somatic cells takes only 2 hours from 
start to finish in the egg extract. Here we describe the contri- 
butions that were made to the understanding of DNA repli- 
cation control through the use of Xenopus egg extracts. 

The method of extract preparation would prove to be criti- 
cal to the study of DNA replication. Using extract prepared 
by generating a clarified supernatant following homogeni- 
zation of eggs, Méchali and Harland demonstrated efficient 
and complete replication of single-stranded DNA (1982). 
However, they were unable to detect replication of double- 
stranded DNA, limiting the usefulness of this approach. Blow 
and Laskey generated a low-speed extract from Xenopus eggs 
and showed that it was capable of initiating DNA replication 
of both sperm nuclei and plasmid DNA. The extract, fol- 
lowing the technique established by Lohka and Masui, was 
prepared by centrifugation of packed eggs, which led to strati- 
fication of the egg components. Critically, the membrane-rich 
cytosolic layer could be collected without clarification. They 
showed that replication of sperm nuclei in this extract was 
quite efficient, while replication of plasmid DNA occurred but 
was less efficient. They also made the critical observation that 
in both cases nuclear envelopes would form around the sub- 
strates during incubation in the extract. This suggested that 
the nuclear envelope played a critical role in DNA replication 
and helped to explain why double-stranded DNA replication 
failed in the clarified extract of Méchali and Harland. 

One critical observation made using the turbid cytosolic 
extracts was that replication seemed to be well controlled: it 
happened once and only once in nuclei added to the extract. 
The concept of replication licensing was developed to explain 
this phenomenon (Blow, 1993; Blow and Laskey, 1988; 
Coverley et al., 1993). The licensing concept suggested that 
there were two essential phases of DNA replication control 
that were mutually exclusive. Licensing of replication origins 
was initially proposed to be dependent on exposure of chro- 
matin to cytosolic components in the extract (“licensing fac- 
tors”) that were then excluded by the nuclear envelope after it 
had formed (Blow and Laskey, 1988). Thus, replication ori- 
gins, which were licensed by progression through M phase 
when the nuclear envelope was broken down, would subse- 
quently initiate DNA replication in interphase but be unable 
to replicate again until progression through the next M phase. 
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The mechanisms that ensure a single round of DNA 
replication per cell cycle, and prevent re-replication, were 
ultimately discovered to be complex and include some 
redundancy. Licensing itself was defined as recruitment of 
the Mini chromosome maintenance 2-7 (MCM2-7) protein 
complex to replication origins, which were previously bound 
by the Origin recognition complex (ORC) (Kubota et al., 
1997, 1995). The MCM hexamer is a DNA helicase that 
ultimately unwinds the DNA helix allowing replication fork 
progression. The Geminin protein, which had been identified 
originally as an APC/C substrate destroyed in anaphase, was 
shown to prevent MCM loading (McGarry and Kirschner, 
1998). These studies suggested that destruction of Geminin 
is in fact a part of the replication licensing system. 

Although it was clear that Geminin was able to prevent 
MCM loading, the mechanism was unknown. This mystery 
was eventually solved with the discovery that Geminin binds 
tightly to an essential replication licensing factor called Cdt1 
(Maiorano et al., 2000; Wohlschlegel et al., 2000). Using the 
Xenopus extract system, it was shown that degradation of 
Geminin releases Cdtl, which can then bind to origins and 
promote MCM binding. This in part explained the role of 
the nuclear envelope: Geminin helped to retain Cdtl in the 
cytosol. Following degradation of Geminin, Cdtl is released 
to enter the nucleus, bind origins, and recruit the MCM com- 
plex. Unloading of MCM proteins following DNA replica- 
tion helps to prevent re-replication. 

Additional mechanisms were found to prevent DNA over- 
replication. The Cdtl licensing factor itself was found to be 
degraded during DNA replication, which led to the discov- 
ery of a previously unknown mechanism of protein turn- 
over (Arias and Walter, 2006, 2005). Cdtl degradation was 
shown to result from its direct interaction with proliferating 
cell nuclear antigen (PCNA), an essential replication protein. 
PCNA acts as a sliding clamp to ensure the processivity of 
DNA replication. Cdtl interacts with PCNA through a PCNA- 
interacting protein (PIP) box, a conserved PCNA interaction 
motif. The interaction between chromatin-bound PCNA and 
Cdtl through its PIP box was found to result in ubiquitina- 
tion of Cdtl by the Cul4Cdt2 ubiquitin ligase, resulting in 
degradation of Cdtl by the proteasome. The PIP box of Cdtl 
was ultimately shown to have unique properties that ensure its 
modification by Cul4, and thus it was called a “PIP degron” 
(Havens and Walter, 2009). Several other proteins were found 
to have PIP degrons, ensuring their degradation during DNA 
replication, while most PCNA-interacting proteins are not 
affected by this mechanism. The destruction of Cdtl during 
DNA replication helps to ensure that origins do not become 
relicensed, helping to prevent over-replication of DNA. 


2.6. ORDERING EVENTS IN DNA 
REPLICATION 


The use of Xenopus egg extracts has been essential to our 
understanding of the events that ensure controlled DNA 
replication in vertebrates. The synchrony and speed with 
which nuclei added to egg extracts undergo regulated DNA 
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replication has been a great advantage in assigning orders 
of action of the various replication proteins. In a typical 
experiment, antibodies against a particular protein of inter- 
est are generated and used to immune-deplete the protein 
from the extract. The extract is then tested for replication 
by the addition of nuclei or other DNA substrates. Rescue 
experiments can easily be performed using recombinant 
proteins expressed in bacterial, insect, or human cells. This 
can be done with wild-type and mutant protein derivatives, 
allowing mapping of essential functions to protein domains 
or residues. At any time during progression through DNA 
replication, chromatin can be isolated from the extract and 
the proteins associated with the chromatin assessed, often 
by immunoblot. It is also possible to program the extract to 
express proteins from synthetic RNA added to the extract 
or to add radiolabeled in vitro translated proteins to the 
extract. These kinds of approaches have been used repeat- 
edly to understand the order of binding and the interdepen- 
dencies among a large number of replication proteins and 
their regulators. 

In addition to the protein recruitment steps that lead to 
replication initiation, replication is also dependent on the 
activities of several kinases. As with other replication ini- 
tiation steps, mechanisms requiring kinase activities were 
identified using Xenopus egg extracts and supported the 
findings of parallel studies in other systems. Some kinases 
were found to control the activity of replication proteins 
directly; others were shown to provide feedback between the 
cell cycle machinery and DNA replication control. 

The change in MPF kinase activity during cell cycle tran- 
sitions helps to orchestrate DNA replication. The binding of 
the ORC to replication origins is inhibited by MPF, ensur- 
ing that ORC binding occurs only after exit from M phase 
(Carpenter et al., 1996; Romanowski et al., 1996; Rowles 
et al., 1996). Additionally, activation of the APC ubiquitin 
ligase by MPF results in Cyclin destruction and exit from M 
phase (and thus ORC binding) and also causes the destruc- 
tion of the replication licensing inhibitor Geminin (McGarry 
and Kirschner, 1998). Cell cycle-dependent destruction of 
Geminin ensures that licensing occurs only once during the 
cell cycle, during exit from M phase. 

The initiation of DNA replication following replication 
licensing is tightly controlled by two additional kinases: 
Cdc7 and Cdk2. The Cdc7 kinase, previously identified in 
fungal models, was shown to be essential for DNA repli- 
cation. In Xenopus, Cdc7 interacts with one of two activat- 
ing subunits: Drfl in extracts and the early embryo and 
Dbf4 later in development (Jares et al., 2004; Silva et al., 
2006; Takahashi and Walter, 2005). Cdc7, also called Dbf4- 
dependent kinase (DDK) phosphorylates the MCM com- 
plex, which in turn leads to recruitment of a second kinase 
called Cdc45 to the replication origin (Jares and Blow, 2000). 
Cdc45 is localized to the site of local DNA unwinding with 
the MCM complex during DNA replication and is essential 
for loading of the GINS (go-ichi-ni-san) complex (Kubota 
et al., 2003; Mimura et al., 2000; Pacek et al., 2006). 
The GINS complex is required for both DNA replication 
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initiation and elongation. Several other proteins required 
for DNA replication have been identified and/or charac- 
terized in Xenopus egg extracts, including Treslin/TICRR 
and its interacting partner Mdm2 binding protein (MTBP) 
(Kumagai et al., 2010; Kumagai and Dunphy, 2017). 

A second type of Cyclin/Cdk complex was identified and 
shown to be critical during interphase for DNA replication 
(Blow and Nurse, 1990). Like MPF, this kinase contains 
an activating Cyclin subunit and a Cdk kinase. The cata- 
lytic subunit of the S phase Cdk was identified as Cdk2, a 
protein with sequence similar to Cdc2/Cdk1 (Elledge and 
Spottswood, 1991; Paris et al., 1991). Cdk2 interacts with 
two different Cyclin subunits, Cyclin E and Cyclin A. Cdk2 
bound to Cyclin E was shown to be the principal driver of S 
phase entry (Chevalier et al., 1996; Strausfeld et al., 1996). 
The ability of Cdk2 bound to Cyclin E to drive entry into S 
phase is conserved in many models; Cyclin A drives acti- 
vation of both Cdk! and Cdk2 kinases and therefore plays 
roles in both late S phase and M phase (Coverley et al., 
1993; Hwang and Clurman, 2005; Möröy and Geisen, 2004; 
Ohtsubo and Roberts, 1993; Strausfeld et al., 1996; Teixeira 
and Reed, 2018). Phosphorylation of replication proteins 
by Cyclin E/Cdk2 is important for replication initiation. In 
somatic cells, Cyclin E also drives transcription of replication 
proteins. 

Prior to the onset of DNA replication, Cdk2 bound to 
Cyclin E was found to be inhibited by a small protein 
called Xicl (Su et al., 1995). Xicl is a member of a large 
class of proteins called cyclin-dependent kinase inhibi- 
tors (CKIs), which function by binding to Cyclin/Cdk 
complexes, preventing their catalytic activity. Proteolysis 
of Xicl was shown to be the real trigger for S phase entry 
(Yew and Kirschner, 1997; You et al., 2007). Xicl is 
modified by the Skp1-cullin-F-box protein (SCF) ubiqui- 
tin ligase, leading to its destruction by the proteasome. 
Interestingly, using Xenopus egg extract, Xicl degrada- 
tion was later shown to be linked directly to the assembly 
of replication proteins on chromatin (Furstenthal et al., 
2001a, 2001b; You et al., 2002). 
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Over the years, there have been important technological 
breakthroughs that have increased the utility of Xenopus egg 
extracts for the study of DNA replication. A critical contri- 
bution was the development of nucleoplasmic extract (NPE) 
(Walter et al., 1998). NPE is prepared by assembling a large 
number of nuclei in low speed egg extract. The nuclei, which 
become quite large over time through the recruitment of 
karyophilic proteins from the extract, are then collected by 
flotation following a low-speed spin (Figure 2.2). After col- 
lection of the nuclei, the nuclear contents are released and 
clarified by high-speed spin. At this point, the extract can 
be frozen for future use. Importantly, NPE allows complete 
in vitro replication of DNA in the absence of a nuclear enve- 
lope. To accomplish this, the DNA substrate is first incu- 
bated in clarified membrane-free egg cytosol, which leads 
to replication licensing. Then, the reaction is supplemented 
with an appropriate volume of NPE. While normally the 
nuclear envelope is required in order to concentrate factors 
required for efficient DNA replication, these factors are pre- 
concentrated in NPE. The use of NPE allows the replica- 
tion of even small DNA substrates, which are inefficiently 
replicated in low-speed extract in part because they do not 
assemble a proper nuclear envelope. It is likely that concen- 
tration of multiple proteins, including active Cdk2, ensures 
the robust activity of NPE. 

Although a detailed discussion of all of the proteins 
required for DNA replication and how their roles were elu- 
cidated using Xenopus egg extract is beyond the scope of 
this review, it is important to note that Xenopus egg extracts 
continue to provide a uniquely tractable system with which 
to study vertebrate DNA replication. In recent years, for 
example, model substrates with engineered DNA adducts 
or crosslinks have been used to study how the replication 
machinery responds to replication barriers (Amunugama 
et al., 2018; Douwel et al., 2017; Hodskinson et al., 2020; 
Kose et al., 2019; Larsen et al., 2019). The use of synthetic or 
modified DNA substrates is facilitated by the development 
of NPE, which allows DNA replication in the absence of a 
nuclear envelope. Modified substrates can be added directly 
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FIGURE 2.2 Preparation of extracts from Xenopus eggs. Following the removal of their jelly coats, eggs are packed tightly in test tubes 
by gentle centrifugation. Excluded buffer is removed from above the eggs, and the eggs are crushed by a high-speed spin, which causes 
stratification of egg contents. The middle, membrane-rich, cytosolic layer is collected and used directly or frozen for later use. To make 
nucleoplasmic extract (NPE), sperm nuclei are added to interphase extract, and after the nuclei have swelled and accumulated nuclear 
contents, they are floated by gentle centrifugation to the top of the extract. The nuclei are collected and their contents harvested following 
high-speed centrifugation. 
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to the extract, and replication does not require nuclear enve- 
lope assembly. 

Another recent development includes using single-molecule 
approaches in Xenopus egg extracts in the study replication 
dynamics (Yardimci et al., 2012). In these elegant experi- 
ments, DNA templates are tethered to a substrate, and the 
incorporation of nucleotides or the behavior of replication 
proteins can be monitored, often in real time, with fluores- 
cent nucleotides or proteins and fluorescence microscopy. 
Using microfluidics, it is possible to block new origin firing 
by flowing in inhibitors, and the sequential addition of dif- 
ferent nucleotides or labeled proteins can be accomplished. 
In one example, fork progression was monitored in real time 
by analyzing the movements of a fluorescent-PCNA bind- 
ing protein on the immobilized template (Loveland et al., 
2012). In another, the impact of DNA replication on histone 
dynamics was examined (Gruszka et al., 2020). Similar 
approaches have been used to analyze the interaction of the 
replication apparatus with chromatin-bound proteins, such 
as the cohesin complex, or with DNA protein crosslinks 
(Kanke et al., 2016; Sparks et al., 2019). These and other 
single-molecule approaches to study chromosome biology 
in Xenopus egg extracts have recently been well reviewed 
elsewhere (Cameron and Yardimci, 2021). 

Experiments in Xenopus egg extract have helped eluci- 
date the mechanisms that link the completion of DNA rep- 
lication to M phase entry. As Cyclin B accumulates in the 
extract, MPF (Cdk1-Cyclin B) is prevented from activation 
by a kinase called Mytl, a member of the Weel family of 
kinases. Weel, which was first identified in fission yeast, 
places inhibitory phosphorylations on Cdk1. The removal 
of these phosphorylations by Cdc25 ensures mitotic entry 
(Gautier et al., 1991; Kumagai and Dunphy, 1991). Cdc25 
itself is controlled by periodic phosphorylation (Izumi et al., 
1992). Incomplete DNA replication, stimulated by the addi- 
tion of DNA polymerase inhibitors, prevents activation of 
Cdc25, ensuring that MPF is not activated until DNA rep- 
lication is complete (Gabrielli et al., 1992). These kinds 
of experiments have, in turn, led to many ground-breaking 
experiments in the study of DNA damage signaling and 
repair, reviewed elsewhere (Hoogenboom et al., 2017). 


2.7. ORIGINS AND TIMING 


Work in bacterial and yeast models in the late 1970s suggested 
that DNA replication originates at specific DNA sequences. In 
higher eukaryotes, the picture was less clear. Several groups 
showed that DNA injected into frog eggs or egg extract would 
spontaneously be replicated, even if the template contained 
no eukaryotic DNA sequences (Harland and Laskey, 1980; 
Mahbubani et al., 1992; Méchali and Kearsey, 1984). This led 
to the model, which persists to this day, that replication ori- 
gins were not sequence specified in vertebrates. 

Xenopus egg extracts provide a uniquely tractable system 
with which to study the nature and distribution of vertebrate 
replication origins. It was noted that the number of nuclei 
added to extract could impact the rate of completion of DNA 
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replication, suggesting that titration of some soluble factor 
in the extract could result in increased replicon size (Walter 
and Newport, 1997). DNA combing, another sort of single- 
molecule experiment, was used to analyze the distribution of 
active origins and helped to explain the efficiency and speed 
of genome duplication in the early embryo. In this technique, 
DNA in egg extract is labeled by the addition of modified 
nucleotides, which are then incorporated into nascent DNA. 
The DNA is then isolated from the extract and spread on glass 
slides where it can be probed for labeled nucleotides (Blow 
et al., 2001). The addition of a second labeled nucleotide to 
the replication reaction at a later time point allows calcula- 
tion of the distance between replication origins and the rate of 
DNA replication (Marheineke et al., 2009; Marheineke and 
Hyrien, 2004). It also led to the observation that fork den- 
sity, that is, the number of replication forks per unit length of 
DNA, increased during replication progression through acti- 
vation of later firing origins (Herrick et al., 2000). Xenopus 
egg extracts were also exploited to understand the nature of 
replication origins in nuclei from other sources. For example, 
the addition of Chinese hamster ovary (CHO) cell nuclei 
to egg extract was used to demonstrate the time in the cell 
cycle at which the somatic (CHO) cell origins were specified 
(Dimitrova and Gilbert, 1999; Li et al., 2003). These experi- 
ments ultimately led to the development of the concept of rep- 
lication timing (Pope et al., 2013). Replication timing refers 
to the phenomenon in which certain regions of the genome 
reproducibly replicate earlier than others. Replication timing 
is still an area of active investigation in many model systems. 

The ability to manipulate the steps that lead to replica- 
tion origin firing have made Xenopus egg extracts uniquely 
useful for studying events that depend on replication. For 
example, the Cohesin complex, which establishes connec- 
tions between sister chromatids during DNA replication, is 
regulated by direct interaction of Cohesin regulators with 
the replication machinery. Work in our lab and others has 
shown dependencies and often direct interaction between 
replication proteins and essential Cohesin regulators. The 
Cohesin loader Scc2 binds to DDK (Cdc7-Dbf4), and the 
Cohesin regulator Esco2 binds to chromatin in a licensing- 
dependent manner and interacts with the PCNA sliding 
clamp (Higashi et al., 2012; Lafont et al., 2010; Rankin et al., 
2005; Song et al., 2012; Takahashi et al., 2008, 2004). The 
cohesion phenotypes of mitotic chromosomes can also be 
analyzed by driving extract into M phase following DNA 
replication (Silva and Rankin, 2018). 


2.8. SUMMARY AND FUTURE DIRECTIONS 


The eggs and embryos of Xenopus laevis have been used 
for decades in foundational investigations of DNA replica- 
tion and cell division. Through the collective work of many 
dedicated researchers, we have a clearer understanding of 
basic mechanisms driving the proliferation of cells. With 
the ability to quickly and easily replicate DNA in vitro, 
there is a promising future for research using Xenopus egg 
extracts. Now that extracts can be compartmentalized using 
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microfluidic systems, new adaptations to the biochemically 
tractable cell-free egg extract system are being developed to 
study other vital cellular processes. Innovations like light- 
inducible systems for initiating cell cycle progression are 
being developed and hold great promise for even more finely 
tuned control of extract dynamics (Bischt et al., 2019). 
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3.1. HISTORICAL PERSPECTIVES: THE Spemann’s egg constriction experiments (Figure 3.1) 


LOCALIZATION PROBLEM IN AMPHIBIANS 


For over 200 years, embryologists have speculated on the 
extent that the pattern and organization of the body is deter- 
mined by that of the egg. The study of amphibian develop- 
ment is somewhat unique among model organisms in that 
many modern research problems follow the questions and 
traditions of what perhaps were the very first embryologi- 
cal studies, which were aimed at addressing this very issue. 
The idea that the frog embryo body is organized into germ 
layers and along axes of polarity was introduced by the early 
embryologists von Baer (1834) and Remak (1855), who 
noted the regional origins of the germ layers, and by Newport 
(1854, 1851) and Roux (1888, 1887), who described rela- 
tionships between the site of sperm entry and the alignment 
of the body axis. Roux also described what came to be called 
the grey crescent, a pale section of the frog egg opposite the 
sperm entry point (Figure 3.1) that formed in the precise 
position of the future dorsal lip (reviewed in Wilson, 1928). 
The dorsal lip was identified by Spemann as the “organizer” 
of axial pattern in the amphibian embryo (Spemann, 1938, 
1921; Spemann and Mangold, 1924; and see this volume, 
Chapter 4). 
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showed that often only one-half of the embryo would form 
a dorsal lip (having inherited grey crescent material) and 
develop into a normally proportioned larva, whereas the 
other half would develop ventral derivatives of all three germ 
layers, failing to form axial tissues (Spemann, 1903, 1902, 
1901). Conversely, in cases in which each half-embryo formed 
part of the dorsal lip, two normally proportioned embryos 
would arise. These experiments in amphibians paralleled 
contemporaneous ones in aquatic invertebrates, eventually 
leading to the realization that so-called “mosaic” versus 
“regulative” development (i.e. cell autonomous versus nor- 
mal development of isolated blastomeres) was merely a func- 
tion of whether maternal determinants were asymmetrically 
or symmetrically distributed in the early embryo (reviewed 
in Davidson, 1986; and in Wilson, 1928). Cytoplasmic deter- 
minants were later hypothesized to determine the fates of 
largely equivalent nuclei in the embryo. 

Three prominent examples of cytoplasmic determinants 
in amphibians emerged, first in earlier frog models and 
salamanders and later in Xenopus. These were: (1) the relative 
dorsal movement of the egg cortex in axis formation (“rotation 
of symmetrization,’ Ancel and Vintemberger, 1948; later 
termed “cortical rotation,’ Gerhart et al., 1989), (2) the role 
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FIGURE 3.1 The organization of the amphibian egg and embry- 
onic patterning. (A) A frog egg at fertilization; the pigmented animal 
pole is towards the top; the pale vegetal pole is towards the bottom. 
(B) The egg at 20 minutes post-fertilization; the appearance of the 
grey crescent is indicated by the arrow. (C) Model of cortical rota- 
tion (dorsal view of the egg); microtubules are shown as arrows. The 
dotted line indicates the future midline (a, anterior; p, posterior). (D) 
Spemann’s egg ligation experiments; the left panel shows a “strongly 
constricted” egg at the early two cell stage; to the right are the two 
main outcomes—isolation of the dorsal lip to one half (middle) or 
bisection of the dorsal lip (right). (E) Twinned embryos result from 
the right-hand case in D. (F) One normal embryo and one Bauchstiick 
(a ventralized “belly piece”) resulting from the middle case in D. (G) 
Model of regional specification of the Xenopus blastula. Nieuwkoop 
recombined zones I and II with zone IV to demonstrate mesoderm 
induction in Xenopus (after Sudarwati and Nieuwkoop 1971). 
Source: Panels (A-B) are reproduced from Rugh (1951); panels (D—F) 
reproduced from Spemann (1924). 


of this dorsal-ventral regionalization of the vegetal hemi- 
sphere in mesoderm and organizer induction (Ambystoma: 
Boterenbrood and Nieuwkoop, 1973; Nieuwkoop, 1969; 
Xenopus: Sudarwati and Nieuwkoop, 1971; Figure 3.1), and 
(3) the presence of “germ plasm” in the vegetal cortex of 
the frog egg (cytoplasme germinale; Bounoure, 1934, 1931, 
related to insect “pole plasm” (polares Plasma, Kahle, 1908) 
in germline specification (see Section 5). 

This chapter reviews past work on the patterning of the 
Xenopus embryo by maternal gene products, including the 
discovery of localized RNAs in Xenopus oocytes (where 
much of the initial progress was made); the mechanisms 
of localization of these RNAs; and functional studies on 
localized and non-localized molecules in germ layer speci- 
fication, axis induction, and germline formation. These 
ideas and their impact on their respective fields have been 
reviewed separately or more comprehensively in the context 
of overall vertebrate development and oocyte polarity, so I 
will not present another broad comparative review. Rather, 


Xenopus 


my goal is to provide a general background to the main bio- 
logical questions relating to the maternal control of Xenopus 
development. I will also review the principal approaches and 
findings, following early work to current state of the art. The 
sections can be read independently in any order; any omis- 
sions of material and references are unintentional and reflect 
limited space and my own view of the field. 


3.2. MOLECULAR CHARACTERIZATION OF 


MATERNAL AND LOCALIZED RNAS 


Early discoveries in molecular biology identified the cen- 
tral role of RNA in interpreting information encoded in the 
DNA, with the definitive discovery of mRNA being reported 
in 1961 (Brenner et al., 1961; Gros et al., 1961; Hayashi 
and Spiegelman, 1961; Jacob and Monod, 1961). The criti- 
cal nature of maternal mRNA in development was inferred 
through experiments in sea urchins and in frogs that showed 
the importance of new protein synthesis rather than new 
transcription in driving early development (Hultin, 1961; 
Smith and Ecker, 1965; Tyler, 1965). More direct evidence 
for maternal mRNA was obtained by cell-free translation 
assays, showing that a minor proportion of Xenopus oocyte 
total RNA could drive protein synthesis in cell-free transla- 
tion assays (Davidson et al. 1966). 


3.2.1. LOCALIZED MATERNAL MRNAS 


Despite these demonstrations, the compelling notion that 
specific mRNAs might become specifically localized and 
direct the specification of different cell lineages remained 
speculative (Davidson and Britten, 1971; Kalthoff, 1979). 
However, the discovery that mRNAs are covalently modified 
at the three-prime end with “polyadenylic acids” was both a 
milestone in understanding gene expression regulation and 
an advance in the detection and isolation of mRNAs (Darnell 
et al., 1971; Edmonds et al., 1971; Lee et al., 1971). Analytical 
hybridization of poly(A)+ RNAs with labeled cDNAs and 
poly(U) in situ hybridization identified asymmetric accumu- 
lation of (putative) mRNA in eggs of many species, including 
Xenopus (Capco and Jeffery, 1981, 1979; Jeffery and Capco, 
1978). Additional analysis of Xenopus vegetally enriched 
cDNAs indicated that a minority of poly(A) RNA sequences 
(about 3-5%) were enriched up to 20-fold at the vegetal pole 
(Carpenter and Klein, 1982), likely representing localized 
mRNAs. Importantly, cell-free translation of Xenopus oocyte 
vegetal pole mRNAs identified unique patterns of protein 
synthesis (King and Barklis, 1985), implying the presence 
of maternally localized transcripts with the ability to create 
functional protein asymmetry in the embryo. 

Advances in molecular cloning technology made it 
possible to isolate and identify individual localized mRNA 
sequences. Differential screening of an oocyte cDNA library 
identified one vegetally localized clone (Rebagliati et al., 
1985), designated Vg/ (now gdf1). This molecule encodes a 
member of the Transforming growth factor P (TgfB) family 
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and undergoes specific localization to the vegetal cortex of 
full-grown oocytes, becoming inherited by vegetal blas- 
tomeres (Weeks and Melton, 1987). Tangential efforts to 
clone maternally expressed Wingless-type MMTV integra- 
tion site (Wnt) genes fortuitously identified an additional 
vegetally localized mRNA, Xwnt-11 (now watl1b; Ku and 
Melton, 1993). Both the TefP and Wnt proteins had been 
concomitantly implicated in mesoderm induction and in axis 
formation (see Section 4), making the presence of these pro- 
teins in the set of vegetally localized transcripts especially 
intriguing. 

Further fractionation of the oocyte using biochemical or 
physical methods facilitated the isolation of additional local- 
ized mRNAs (Elinson et al., 1993; Pondel and King, 1988) 
and led to the demonstration of two mechanisms of mRNA 
localization in the oocyte: (1) a late pathway initiated after 
the elaboration of animal-vegetal polarity in mid-oogene- 
sis and (2) an early mechanism in pre-vitellogenic oocytes 
involving the mitochondrial cloud (Forristall et al., 1995; 
Kloc and Etkin, 1995). The early pattern exactly matched 
the known distribution of the germ plasm in Xenopus 
(Czotowska, 1972, 1969; Heasman et al., 1984; Savage and 
Danilchik, 1993). An intermediate pattern also became 
evident following the characterization of plin2 (née fatvg) 
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FIGURE 3.2 Localized mRNAs and their roles in early Xenopus 
development. Top panels show in situ hybridization patterns of repre- 
sentative mRNAs of early-, intermediate- and late-localizing mRNAs 
(nanosl, wntl11b, and vegt, respectively). In stage I oocytes (top row), 
nanos] is tightly restricted to the mitochondrial cloud/Balbiani body 
(m.c.), whereas wnt//b localizes to the cytoplasm and the mitochon- 
drial cloud. vegt is not localized. By stage IV (middle row), nanos! 
is localized to the germ plasm at the vegetal apex, wnt//b is less 
restricted, and vegt is broadly localized in the vegetal hemisphere. 
Pigmented oocytes are shown; animal pole toward the top. Bottom 
panels, models for the three roles of these localized mRNA classes. 
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mRNA localization, which displayed aspects of both path- 
ways (Chan et al., 1999). Representative examples of these 
different patterns are shown in Figure 3.2. 


3.2.2. MRNA LOCALIZATION MECHANISMS 


Additional studies on the mechanisms of localization using 
injected transcripts in oocytes identified both shared and 
distinct molecular mechanisms of localization for early and 
late pathway mRNAs. Notably, early pathway localization 
appeared to be independent of the cytoskeleton, likely involv- 
ing a diffusion/entrapment mechanism (Chang et al.,2004; 
Kloc et al., 1996). By contrast, the late pathway required 
microtubule polarization and transport occurring as a 
consequence of general vegetal localization of organelles 
and the mitochondrial cloud remnants and anchoring by 
different cytoskeletal components (reviewed in King et al., 
2005; Medioni et al., 2012; Houston, 2013). 

Structure-function mutagenesis identified minimal local- 
ization elements (LEs) containing clustered repeats of motifs 
in the 3°UTRs of several localized transcripts as well as 
cognate RNA-binding proteins that bound these motifs 
(Claussen et al., 2004; Kloc et al., 1996; Mowry and Melton, 
1992; Zhou and King, 1996a, 1996b). Counterintuitively, 
similar localization motifs were identified in early and late 
pathway mRNAs, consisting of repeated clustered UUCAC 
and UUUCU motifs and recognized by RNA-binding 
proteins Igf2bp3 and Ptbpl, respectively (reviewed in Cabral 
and Mowry, 2020; Houston, 2013; Oh and Houston, 2017a). 
In light of the fact that other localized mRNAs lack these 
motifs, (Chan et al., 1999; Claussen and Pieler, 2004; Horvay 
et al., 2006), a consensus localization element has yet to 
be identified. Multimers composed solely of localization 
elements do not localize (Lewis et al., 2004), also suggesting 
that a context-dependent organization in the UTR is 
needed for proper localization. 

A computational approach to localized mRNA prediction 
identified clusters of CAC-rich motifs in validated localiza- 
tion elements across species (Betley et al., 2002), but these 
motifs could not explain all mRNA localization. In the last 
decade, global transcriptomic analyses in oocytes and early 
embryos have identified extensive, and largely comparable, 
sets of maternally localized mRNAs in Xenopus spp. (see 
Table 3.1). Sindelka et al. (2018) performed a bioinformatic 
analysis that identified a number of putative motifs associ- 
ated with vegetally localized mRNAs and some animally 
enriched mRNAs, including some CAC-rich sequences, 
but none of these mRNAs were experimentally validated. 
The extent to which these analyses can distinguish between 
distinct vegetal localization patterns still remains unclear, 
but newer machine-learning approaches might be usefully 
applied in this context. 

Table 3.1 lists selected mRNAs with previously des- 
cribed vegetal localization in Xenopus oocytes. References 
cite the primary description of the localization pattern and 
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TABLE 3.1 


Xenopus 


Selected Vegetally Localized mRNAs in Xenopus 


Late Pathway mRNAs 


growth differentiation factor 1 (alias vgl) 

vegt 

acyl-CoA synthetase long-chain 1 

bicaudal C homolog 1 

low density lipoprotein receptor adaptor protein 1 
orthodenticle homolog 1 

zinc finger protein 36-like 2 (C3H-3) 

beta-transducin repeat containing E3 ubiquitin protein ligase 
ephrin-b1 

SOX7 


Early Pathway mRNAs 


nanos homolog 1 (xcat2) 

deleted in azoospermia-like 

ddx25 (deadsouth) 

germes 

dead (Asp-Glu-Ala-Asp) box polypeptide 59 (centroid) 
xpat/pgat 

xsirt 13.2 

proprotein convertase subtilisin/kexin type 6 (pace4) 
syntabulin 

RAS related 2 


Intermediate/Dual Pathway mRNAs 


tripartite motif-containing protein 36 

wntl Ib 

perilipin 2 (alias fatvg) 

DND microRNA-mediated repression inhibitor 1 

RNA binding protein with multiple splicing (alias hermes) 
glutamate receptor interacting protein 2 

low molecular weight neuronal intermediate filament 
vegetally-localized 1 


Strategies for Identifying Maternally Localized mRNAs 


Animal/Vegetal Half RNA sequencing (8-cell stage) 
Differential RNA sequencing/Proteomics 
Differential RNA sequencing 

Differential RNA sequencing 

Single blastomere RNA sequencing(8-cell stage) 
Animal/Vegetal halves/Affymetrix microarray (8-cell stage) 
Vegetal cortex isolation/Affymetrix microarray 
Differential hybridization to cDNA arrays 
Differential hybridization to cDNA arrays 
Computational analysis of 3’ UTRs 

Differential display PCR 

Differential cDNA library screening 


Gene Symbol 


gdfl 
vegt 
acsllb 
biccl 
Idlrap1 
otxl 
2/p3612 
btre 
efnb1 
sox7 


nanosl 
dazl 
ddx25 
germes 
ddx59 
pgat 
xsirts 
pesk6 
sybu 
rras2 


trim36 
wntll 
plin2 
dndl 
rbpms 
grip2 
nif 
velol 


Database 


GSE118024 
GSE104848 
GSE80971 
GSE58420 
N/A 
GSE48659 
GSE17713 
N/A 

N/A 

N/A 

N/A 

N/A 

N/A 


References 


Rebagliati et al., 1985; Weeks et al., 1987; Birsoy et al., 2006 
Zhang and King, 1996; Zhang et al., 1998 

King et al., 2005; Wang et al., 2012 

Wessely and Robertis, 2000; Park et al., 2016 

Zhou et al., 2004 

Pannese et al., 2000; Owens et al., 2017; Paraiso et al., 2019 
Betley et al., 2002 

Hudson et al., 1996 

Betley et al., 2002; Owens et al., 2017 

Claussen et al. 2015; De Domenico et al. 2015; 


Mosquera et al., 1993; Lai et al., 2012 

Houston et al., 1998; Houston and King, 2000b 
MacArthur et al., 2000; Yamaguchi et al., 2013 
Berekelya et al., 2003 

Kloc and Chan, 2007 

Hudson and Woodland, 1998 

Kloc et al., 1993 

Birsoy et al., 2005 

Colozza and Robertis, 2014; Oh and Houston, 2017b 
Owens et al., 2017 


Cuykendall and Houston, 2009 

Ku and Melton, 1993; Kloc et al., 1998; Tao et al., 2005 
Chan et al., 1999, 2007 

Weidinger et al., 2003; Mei et al., 2013 

Zearfoss et al., 2004 

Kaneshiro et al. 2007; Tarbashevich et al., 2007 
Claussen et al., 2004 

Claussen and Pieler, 2004; Nijjar and Woodland, 2013b 


References 


Paraiso et al., 2019 
Sindelka et al., 2018 
Owens et al., 2017 
Claussen et al., 2015 

De Domenico et al., 2015 
Grant et al., 2014 
Cuykendall and Houston, 2010 
Horvay et al., 2006 
Kataoka et al., 2005 
Betley et al., 2002 
Hudson et al., 1996 
Zhang and King, 1996 


Differential cDNA library screening 


loss of function, if available. Intermediate pathway RNAs 3.3. 
are defined as having mainly a late localization pattern 
but with additional localization to the mitochondrial 


cloud and to the germ plasm in embryos. Studies using 
different molecular or “genomics” strategies to identify 
vegetally localized mRNAs have increased in frequency 


since 2014. 


Rebagliati et al., 1985 


ANALYSIS OF MATERNAL GENE 
FUNCTION IN XENOPUS DEVELOPMENT 


The genetic assessment of maternally supplied gene 
products in early development requires eggs derived 
from a female lacking functional copies of the gene: a 


“maternal effect” mutation. These analyses involve either 
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the generation of viable homozygous mutant females or of 
germline mosaics, a challenging prospect in amphibians. 
Xenopus nevertheless offers several advantages relative 
to other vertebrates for maternal gene analysis, including 
(1) the ability to readily culture and manipulate oocytes 
in vitro, (2) the effectiveness of DNA-based antisense- 
mediated mRNA degradation in oocytes, and (3) the use 
of oocyte/egg transfer procedures to ultimately fertilize 
these oocytes. In addition, large-scale new zygotic mRNA 
synthesis does not occur until the mid-blastula transition 
(MBT; 4000-cell stage/stage 8), alongside other changes 
in cell behavior (Newport and Kirschner, 1982), represent- 
ing the main maternal-to-zygotic transition in Xenopus 
(MZT; Vastenhouw et al., 2019). Thus, depleted maternal 
mRNAs are unlikely to be replaced prior to early cell-fate 
decisions being made. Together, these properties enabled 
the development of powerful methods to use Xenopus to 
examine vertebrate maternal gene functions (“oocyte host- 
transfer”, Heasman et al., 1991; Houston, 2019, 2018; Mir and 
Heasman, 2008; intracytoplasmic sperm injection: Miyamoto 
et al., 2013, 2015a). 

By the early 1970s, use of Xenopus oocytes became wide- 
spread owing to their use in the expression of heterologous 
mRNAs (Gurdon et al., 1971). Previous work on oviductal 
transport and species-specific fertilization of amphibian 
eggs also established methods for the transfer of coelomic 
eggs between ovulating females (Rugh, 1935). These trans- 
plantation methods were later adapted to work with cultured 
oocytes that were stimulated to mature in vitro as a test of 
their developmental potential (Lithobates [née Rana] pipi- 
ens: Smith et al., 1968; Xenopus: Brun, 1975). Vegetal irra- 
diation of cultured oocytes prior to host-transfer was used 
to show the presence of UV-sensitive molecules important 
for axis and germline formation (Elinson and Pasceri, 1989; 
Holwill et al., 1987), establishing a paradigm for the pre- 
fertilization manipulation of development. 

Xenopus oocytes were also an important test system for 
antisense DNA oligonucleotide (oligo) technology in the 
1980s. Oligonucleotides injected into full-grown oocytes 
hybridize to complementary mRNAs and cleave the RNA 
strand via endogenous RNase H (Cazenave et al., 1987; Dash 
et al., 1987; Shuttleworth and Colman, 1988). However, the 
same oligo types, even when modified, were more toxic and 
short lived when injected into fertilized eggs (Shuttleworth 
et al., 1988; Woolf et al., 1990). This toxicity, along with 
inherent limitations in the specificity of RNase H-dependent 
antisense DNA oligos (Woolf et al., 1992), discouraged the 
widespread use of antisense technology in post-fertilization 
Xenopus embryos until the commercial availability of 
phosphorodiamidate morpholino oligos (“Morpholinos”; 
Heasman et al., 2000; Summerton and Weller, 1997). 

Janet Heasman and Chris Wylie first coupled antisense 
mRNA depletion in oocytes with fertilization through the host 
transfer procedure (Heasman et al., 1991). They inaugurated 
this method by depleting maternal cytokeratin (krt8.1) mRNA, 
demonstrating that this gene was required for gastrulation 
and wound healing in early embryos (Torpey et al., 1992). 
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Subsequent studies revealed a requirement for B-Catenin in 
dorsal axis formation (Heasman et al., 1994). Because paral- 
lel experiments in Drosophila demonstrated that stabilization 
of Armadillo/B-Catenin was a main output of Wnt signaling 
(Peifer et al., 1994), these Xenopus antisense mRNA depletion 
experiments strongly implicated endogenous maternal Wnt/ 
B-catenin activation in axis formation (Section 4). 

This maternal mRNA depletion approach has been ben- 
eficial for understanding many aspects of early Xenopus 
development because, in almost all cases, Morpholino 
injection after fertilization at best only partially inhibits 
maternally regulated processes and cannot affect processes 
initiated around the time of injection. Another benefit of the 
host-transfer method is that it can also be used to over- or 
ectopically express proteins before fertilization, including 
those representing genome editing reagents for FO mutagen- 
esis in Xenopus embryos (Aslan et al., 2017; Miyamoto et al., 
2015b; Nakajima and Yaoita, 2015; Ratzan et al., 2017). 


3.4. MATERNAL CONTROL OF GERM LAYER 
INDUCTION AND PATTERNING 


Extensive work in Xenopus and other organisms has culmi- 
nated in a largely unified model for germ layer formation in 
vertebrates (reviewed in Houston, 2017). This basic model 
suggests that spatiotemporal gradients of Nodal signaling 
(patterned by auto-regulation and by Wnt signals) induce 
dorsal mesendoderm/organizer at high/early doses and ven- 
trolateral mesendoderm at low/later doses. Organizer induc- 
tion by Nodal occurs in synergy with early Wnt signaling 
(maternal in Xenopus) and sets up self-regulating gradients 
of BMP and later Wnt activity (zygotic in Xenopus) to pat- 
tern the dorsoventral and anteroposterior axes. 


3.4.1. MATERNAL CONTROL OF ENDODERM 


AND MESODERM BY VEGT 


Nieuwkoop initially proposed that mesoderm (germ layer) 
induction would involve new mRNA synthesis (Nieuwkoop, 
1969), although some early experiments on heterochronic 
blastomere recombinations and transplantations (Dale and 
Slack, 1987; Jones and Woodland, 1987) suggested a maternal 
mesoderm inducer. The zygotic nature of germ layer induc- 
tion was demonstrated by Wylie and Heasman, who showed 
that vegetal masses only induced mesoderm after the onset 
of zygotic transcription (Wylie et al., 1996). Several groups 
subsequently and by different approaches identified a likely 
maternal transcription factor candidate, the T-domain tran- 
scription factor, Vegt, encoded by a vegetal cortex-local- 
ized mRNA (Horb and Thomsen, 1997; Lustig et al., 1996; 
Stennard et al., 1996; Zhang and King, 1996). 

The maternal role of vegt mRNA was assessed using 
antisense oligos in host-transfer experiments (Zhang et al., 
1998). These embryos largely lacked mesoderm and 
endoderm, and vegetal cells gained expression of ectoderm 
markers. Vegetal explants from vegt-depleted embryos 
failed to induce mesoderm in animal caps (Zhang et al., 
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1998), and subsequent work showed that Vegt controls 
mesendoderm induction by directly activating a number of 
nodal and nodal-related genes (nodall, nodal2, nodal4, and 
the early expressed paralogs nodal5 and nodal6; Agius et 
al., 2000; Clements et al., 1999; Hyde and Old, 2000; Kofron 
et al., 1999; Lee et al., 2001; Takahashi et al., 2000). Vegt 
likely functions mainly as a transcriptional activator, at least 
maternally, although later or context-dependent repressive 
roles have not been excluded. Consistent with this idea, 
Vegt has been shown to mediate activating histone acety- 
lation modifications (Gao et al., 2016). In addition to these 
transcriptional roles, depletion of the vegt transcript leads 
to other localized mRNAs becoming delocalized (Heasman 
et al., 2001) and to disorganization of intermediate filaments 
(Kloc, 2009), indicating that vegt has additional but still 
unclear roles as a structural or regulatory RNA. 

Several observations indicated that maternal regula- 
tion of nodal expression was especially relevant for meso- 
derm induction. First, a highly specific Nodal antagonist 
(CerS) blocked mesendoderm induction in vivo and in 
Nieuwkoop assays (Agius et al., 2000). Only inhibition of 
Nodal by CerS mimicked pan-TgfB inhibition (Agius et al., 
2000) and other TgfB molecules but not FGFs could res- 
cue vegt-depletion (e.g. derriére/gdf3, Kofron et al., 1999). 
Furthermore, an early/elevated aspect of nodal homologue 
expression was dependent on maternal B-Catenin, which 
could also synergize with Vegt to drive higher levels of 
nodal expression and activity (Agius et al., 2000; Lee et al., 
2001; Rex et al., 2002). Last, this temporal aspect and the 
absence of a unique (non-Nodal) dorsal signal was shown 
in heterochronic, modified-Nieuwkoop assays using conju- 
gates of equatorial explants with P-Catenin-depleted veg- 
etal masses, with activity in late-stage P-Catenin-depleted 
vegetal explants equivalent to early-stage control explants 
(Xanthos et al., 2002). 

Vegt and Vegt-induced Nodal signals also regulate tran- 
scription factors important for endoderm, notably the mix- 
related, gata4—6, and sox!7a/b genes (Casey et al., 1999; 
Clements and Woodland, 2003; Taverner et al., 2005; Xanthos 
et al., 2001). It has been problematic to determine the exact 
regulatory relationships among these genes, owing to pos- 
sible overlapping roles of maternal and zygotic Vegt and 
multiple feedback and cross-regulatory interactions. Recent 
advances in genomic approaches implicated Vegt acting with 
vegetally localized Otx1 and Foxhl in the establishment and 
function of pre-zygotic enhancer complexes at endodermal 
loci (Paraiso et al., 2019; see Chapters 12 and 18). 


3.4.2. MATERNAL SECRETED MOLECULES 


IN GERM LAYER INDUCTION 


The roles of maternal secreted molecules in germ layer induc- 
tion remain relatively unclear. The identification of gdf/ as 
encoding a Teff family growth factor (Weeks and Melton, 
1987) was suggestive, but initial antisense and dominant- 
negative loss of function experiments for gdf1 were equivocal 
(Joseph and Melton, 1998; Kessler and Melton, 1995; Rebagliati 
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and Melton, 1987; Woolf et al., 1990). It also became problem- 
atic to envision a strong role for Gdf1 in mesendoderm induc- 
tion given the absence of TgfB/Nodal activity in vegt-depleted 
embryos. A revisitation of Gdfl function using maternal 
mRNA depletion revealed a requirement for this molecule 
in the timing of Nodal versus BMP signaling and ultimately 
in anterior patterning (Birsoy et al., 2006). One hypothesis is 
that Gdf1 may affect Nodal signal propagation or sensitivity, 
as was shown in studies of mouse embryos, Xenopus explants, 
and embryonic stem cells (Fuerer et al., 2014; Tanaka et al., 
2007). Thus, endogenous Gdf1 may have no function in the 
absence of properly regulated Nodal signals. 

Tdgf1.3 (née Cripto/XCr-I/FRL]/) is maternally supplied 
but unlocalized and thought to function as a secreted Nodal 
co-receptor and trafficking factor (Constam, 2009; Shen and 
Schier, 2000). In Xenopus, maternal tdgf1.3 mRNA is trans- 
lated primarily in the animal hemisphere (Zhang et al., 2013) 
but may also interact with maternal Wnt11b in dorsal signal- 
ing (Tao et al., 2005; see subsequently). A limited set of addi- 
tional secreted signaling molecules are expressed maternally 
in a non-localized fashion and are involved in modulating 
Nodal, BMP, FGF, and other signaling pathways in the early 
embryo (Isml, Tsku, Ndp/Norrin, Grem1; Hsu et al., 1998; 
Morris et al., 2007; Pera et al., 2002; Xu et al., 2012). 


3.4.3. ECTODERM SPECIFICATION 


In contrast to the detailed pathways known for mesendoderm 
differentiation, much less is known about the initial specifi- 
cation of ectoderm in Xenopus. Ectoderm has been thought 
of as a maternally programmed “default state” (Weinstein 
and Hemmati-Brivanlou, 1999). Both inhibition of TgfB and 
depletion of vegt allow vegetal cells to express ectodermal 
genes and to adopt ectodermal cell adhesion and cell sorting 
properties (Houston and Wylie, 2003; Zhang et al., 1998). 
Because mesoderm forms out of prospective ectoderm there 
does not appear to be an “animalizing” gradient as in sea 
urchins (Dale et al., 1985; Nieuwkoop and Ubbels, 1972), 
and thus maternal transcription factors must ultimately 
specify ectoderm fate. 

Two zygotic transcription factors were initially identi- 
fied as candidate targets of this maternal ectoderm speci- 
fying pathway, /hx5 and foxil (Houston and Wylie, 2003; 
Mir et al., 2007; Suri et al., 2005). Lhx5 is necessary and 
sufficient for normal ectoderm adhesion and cell sorting 
properties but does not activate ectodermal gene expres- 
sion or inhibit TgfB signaling, suggesting that Lhx5 pri- 
marily regulates cell behavior (Houston and Wylie, 2003). 
foxil is mosaically and dynamically expressed and tightly 
regulated in the ectoderm, beginning dorsally and shifting 
ventrally during gastrulation (Mir et al., 2008, 2007; Suri 
et al., 2005). Foxil is required both for ectoderm adhesion 
and for repression of TgfB signaling and mesoderm (Mir 
et al., 2007; Suri et al., 2005). The mesoderm-inhibiting 
function of Foxil is indirect, mediated through activa- 
tion of Tbx2 (a transcriptional repressor) in the ectoderm 
(Teegala et al., 2018). 
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Foxi2, encoded by a transcript enriched animally in 
the oocyte, was identified as a maternal regulator of foxil 
through upstream enhancer analysis (Cha et al., 2012). 
Maternal mRNA depletion of foxi2 showed dysregulation of 
foxil expression and gastrulation/axis defects but no major 
loss of ectoderm derivatives or adhesion. Other animally 
enriched maternal transcriptional regulators include Sox3, 
which is thought to inhibit nodal5 expression (Zhang et al., 
2003; Zhang and Klymkowsky, 2007); Trim33, a putative 
inhibitor of Smad4-dependent Teff signaling (Dupont et al., 
2005); and Znf585b, a Tp53 antagonist (Sasai et al., 2008). 
A number of other molecules that can antagonize mesen- 
doderm are also enriched animally (i.e. dand5, Bates et al., 
2013). These proteins might act to protect early ectoderm 
fate (Reich and Weinstein, 2019). 

Ectoderm development also involves homologues of 
the mammalian pluripotency-related transcription factor 
Pou5f1, including a maternal paralogue (pou5f3.3 [née 
xlpou60/oct60]). Morpholino-based depletion of these 
genes (singly or together) in Xenopus have implicated this 
family in the maintenance of pluripotent character in the 
animal cap (Morrison and Brickman, 2006) and in repres- 
sion of Nodal/Teff activity (Cao et al., 2006; Snir et al., 
2006). Additionally, PouSfl paralogs are required for 
ectodermal adhesion and gastrulation, likely through the 
activation of certain conserved Pou5f target genes, notably 
Ihx5 (see previously), salll, and cdx1 (Livigni et al., 2013). 
Maternal PouSf3 (along with Sox3) has been shown to 
establish competent chromatin prior to the onset of zygotic 
transcription (Gentsch et al., 2019), suggesting the possibil- 
ity that the maternally programmed early chromatin state 
may form the basis for the ectoderm “default state.” 


3.4.4. B-CATENIN IN DORSAL GENE ACTIVATION 


In addition to regulating the timing of nodal expression, 
B-Catenin regulates a number of dorsal genes directly, 
including sial, nodal3 paralogs, noggin, and chordin 
(these last two are induced by B-Catenin but stabilized 
by Nodal), that act in multiple aspects of organizer func- 
tion. P-Catenin mainly regulates gene expression by de- 
repressing TCF proteins and recruiting coactivators in the 
context of Wnt-regulated enhancer complexes (Gammons 
and Bienz, 2018). Both activities are supported by maternal 
loss-of-function experiments in Xenopus (tcf711: Houston 
et al., 2002; pygo2 and bcl9: Belenkaya et al., 2002; 
Kennedy et al., 2010). Other maternal TCF proteins, Tcf7 
and Tcf712, are also involved, with context-dependent acti- 
vating and repressing roles on P-Catenin target genes (Roel 
et al., 2003; Standley et al., 2006). Genomic studies have 
begun to identify more complex interactions of B-Catenin 
with many other transcription factors (e.g. Nishita et al., 
2000; Sinner et al., 2004; Zorn et al., 1999; reviewed in 
Abu-Remaileh et al., 2010). 

More recent evidence suggests that maternal B-Catenin 
regulates dorsal gene expression prior to major MZT in 
part through an epigenetic “poising” mechanism, marking 
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organizer-specific genes in dorsal morula nuclei for later 
expression by the recruitment of the histone arginine 
methyltransferase Prmt2 (Blythe et al., 2010). Similarly, 
maternal Foxhl is also involved in presetting chromatin 
for later expression, largely targeting subsequent Nodal/ 
Smad2-regulated genes (Afouda et al., 2020; Charney et 
al., 2017; Chiu et al., 2014; Gupta et al., 2014). Foxhl over- 
laps B-Catenin targets to a significant extent in these cases, 
potentially acting as a “pioneer” factor to activate the open- 
ing of the chromatin conformation (Zaret and Carroll, 2011). 


3.4.5. CYTOPLASMIC ACTIVATION OF DorsaL B-CATENIN 


Wnt/B-Catenin activation is dependent on cortical rota- 
tion and is most sensitive to induced stimulation or inhibi- 
tion around the 16-32-cell stage (Kao et al., 1986; Yang 
et al., 2002). Elinson, Gerhart, Kirschner, and others began 
reinvestigating the cortical rotation phenomenon in the 
1980s, ultimately leading to the characterization of dorsally 
directed parallel microtubule array assembly in the vegetal 
sub-cortical cytoplasm and kinesin-based translocation as 
the underlying mechanism of cortical rotation (Gerhart et al., 
1989; Houston, 2017, 2012; Weaver and Kimelman, 2004). 

The molecular control of cortical rotation is not well 
understood. In addition to an overall increase in microtubule 
nucleation and assembly following fertilization, likely related 
to the cell cycle (Elinson, 1985; Olson et al., 2015), the ubiq- 
uitin ligase activity of Trim36, encoded by a vegetally local- 
ized mRNA is essential for normal parallel microtubule array 
assembly and cortical rotation (Cuykendall and Houston, 
2009). Another localized mRNA product, the Dndl RNA- 
binding protein (typically involved in germline specification), 
is required to anchor trim36 in the cortex (Mei et al., 2013), 
likely enriching Trim36 at the site of cortical rotation. The 
targets of Trim36 ubiquitylation remain unknown. mRNA 
depletion of vegetally localized plin2 also leads to defects in 
cortical microtubule assembly during cortical rotation (Chan 
et al., 2007), although it is unclear if the protein product 
(Perilipin 2 is localized to lipid droplets) or the mRNA itself 
are the relevant moiety (Kloc, 2009). 

Cytoplasmic ablation/transplantation experiments have 
generally supported the idea that cortical rotation dorsally 
displaces a potent axis-inducing activity (Holowacz and 
Elinson, 1993; Kageura, 1997). The identity of this activ- 
ity remains unclear. Data suggest the vegetal cortical cyto- 
plasm mimics Wnt activation and acts most similarly to 
overexpressed Adenomatous Polyposis Coli (APC) protein 
(Marikawa and Elinson, 1999). One caveat of these experi- 
ments is that the large size of the injected apc transcript 
tends produce a variety of truncated/degradation products, 
which may include dominant-inhibitory species (Vleminckx 
et al., 1997). 

Dishevelled and Frat! (GBP) proteins are also candidates 
for the cytoplasmic dorsalizing activity, based on the 
visualization of “puncta” produced by injection of GFP 
fusion constructs of these proteins and their potential for 
dorsal translocation (Miller et al., 1999; Weaver et al., 2003). 
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However, the localization of the endogenous proteins is not 
known. Furthermore, maternal Dvl2/3 depletion results in 
dorsalized embryos, opposite to expectation (Tadjuidje et al., 
2011), and Fratl, although required for axis formation in 
Xenopus (Yost et al., 1998), may not actually function gen- 
erally in Wnt/P-Catenin regulation (Amerongen et al., 2010). 

Recent work on a spontaneous ventralized zebrafish 
maternal-effect mutation huluwa (hwa; Yan et al., 2018) 
has shown that the novel Hwa protein may act to promote 
the dorsal degradation of Axin1, a key negative regulator of 
B-Catenin. Hwa is encoded by a localized maternal mRNA 
in both fish and frogs and is a novel membrane protein 
that accumulates dorsally in the blastula (Yan et al., 2018). 
Dorsal down-regulation of Axinl had been inferred from 
experiments showing the reduced ability of dorsally injected 
axinl mRNA to rescue maternal axin] depletion compared 
to ventrally injected axin/ (Kofron et al., 2001). 


3.4.6. SECRETED LIGAND ACTIVATION OF B-CATENIN 


In contrast to the idea of strict intracellular activation of 
dorsal Wnt/B-Catenin by cytoplasmic determinants outlined 
previously, current models suggest that maternal Wntllb 
ligand, encoded by a vegetally localized mRNA, is the 
main determinant for axis specification in Xenopus. The 
observation that overexpressed extracellular Wnt antagonists 
fail to inhibit endogenous Wnt/P-Catenin activity or axis 
determination tends to support the intracellular model 
(Hoppler et al., 1996; Leyns et al., 1997; Wang et al., 1997; 
Yan et al., 2018). However, antisense depletion experiments 
also demonstrate that inhibition of maternal wnt//b, encod- 
ing a secreted ligand, does result in ventralization and in 
reduced dorsal B-Catenin activity (Tao et al., 2005). 

Although Wntllb is commonly classified as a “non- 
canonical” Wnt ligand (non-P-Catenin-activating), there is 
a body of evidence pointing toward receptor/co-receptor 
context-dependent regulation of B-Catenin-dependent and - 
independent pathways by Wntl1 proteins and other Wnts 
(e.g. He et al., 1995). The timing of Wntllb action is not 
known, but it must act prior to the 16-cell stage (see pre- 
viously). The extent and mechanisms by which Wntllb 
activity would become enriched dorsally by cortical rotation 
is also unclear, and recent transcriptomic data from single 
cleavage-stage blastomeres (X. laevis: Flachsova et al., 2013; 
X. tropicalis: Collart et al., 2014; Domenico et al., 2015) 
suggest little to no dorsal enrichment of wnt//b mRNA or 
wntI1b polyadenylation. 

Maternal mRNA depletion studies have indirectly 
implicated translational regulation, potentially targeting 
wntl 1b, in dorsal signaling. The RNA-binding protein Biccl 
is encoded by a localized maternal mRNA in Xenopus 
(Wessely and Robertis, 2000) and can bind directly to the 
3'UTRs of dand5, tdgf1.3, and wntllb and repress their 
translation in reporter assays (Park et al., 2016; Zhang 
et al., 2013). Depletion of maternal bicc/ leads to dorso- 
anteriorized embryos, suggesting that translational repres- 
sion, mediated by RNA-binding KH domains (Dowdle et al., 
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2019; Park et al., 2016), is necessary to restrict the activi- 
ties of one or more of these or other molecules. Biccl was 
first identified in a screen for mRNAs with reduced poly- 
adenylation in the embryos ventralized by UV-irradiation 
(Wessely and Robertis, 2000). One implication of this result 
is that biccl polyadenylation, and hence Biccl protein, 
might be higher dorsally. However, this situation would pre- 
dict that Biccl should normally inhibit wnt//b translation 
dorsally. In the absence of Biccl, overactive Wntl 1b signals 
might be involved in dorsalizing the embryo, but it remains 
unclear whether this mechanism controls endogenous dorsal 
B-Catenin accumulation. 

One proposed synthesis of these ideas is that Wnt sig- 
naling may be potentiated by the endocytosis of activated 
Wnt receptor-coreceptor complexes (“Lrp6 signalosomes’’) 
in association with Dvl (Bilic et al., 2007). Cortical rota- 
tion might thus enrich Wnt signalosomes on the dorsal side 
(Dobrowolski and Robertis, 2012), activating dorsal signal- 
ing through the perpetuation of an earlier signaling event or 
by possibly sequestering B-Catenin degradation machinery 
(e.g. Gsk3b) in multi-vesicular bodies (Taelman et al., 2010). 
However, recent data from cell-line experiments suggest 
that endocytosis of Wnt receptor-co-receptor complexes is 
not required for subsequent signal transduction (Rim et al., 
2020), and the extent that signalosomes differentially accu- 
mulate dorsally remains unknown. 

While genetic studies in mice have shown that P-Catenin 
signaling is required for anterior visceral endoderm (AVE) 
formation (the key step in mammalian axial patterning), it 
has become clear that secreted Wnt activity is dispensable in 
this regard (reviewed in Houston, 2017). Similar to the case 
in Xenopus, Tdgfl-mediated signals are required upstream 
of B-Catenin stabilization in the AVE (Morkel et al., 2003), 
but the extent to which this similarity represents a coinci- 
dental convergence of signals or a deeper level of conser- 
vation in mechanisms for establishing bilateral symmetry 
remains unclear. 


3.5. MATERNAL CONTROL OF PRIMORDIAL 


GERM CELL FORMATION 


The idea of a separate germline and its specification by local- 
ized maternal determinants arose from classic studies in 
insects, following the observation of a conspicuous budding 
of primordial germ cells from the posterior pole of the early 
blastoderm (classical literature reviewed in Hegner, 1914). 
Additional evidence for what came to be called “germ plasm” 
was subsequently revealed in many other organisms (Beams 
and Kessel, 1974; Eddy, 1975; Extavour and Akam, 2003). 


3.5.1. THE GERM PLASM 


The identification of germ plasm in a vertebrate embryo (in 
Rana frogs, Bounoure, 1934, 1931) suggested that cytoplas- 
mic inheritance of germline fate might represent a general 
mechanism. Other evidence from salamanders, mammals, 
and other organisms however suggested that primordial 
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germ cells (PGCs) could also be induced by signals act- 
ing on pluripotent cells, which may be the ancestral mode 
(Extavour and Akam, 2003; Houston and King, 2000a). 
Regardless of whether PGCs are specified by maternal germ 
plasm, a material similar to germ plasm has since been iden- 
tified in the differentiating adult germ cells of all animals 
(typically termed nuage, Fr. “cloud”; André and Rouiller, 
1956). Thus, germ plasm/nuage is likely a fundamental fea- 
ture of the germline (Eddy, 1975, 1974). Recent experiments 
on the reprogramming of somatic cells to PGCs have shown 
that nuage does indeed form in reprogrammed cells (Bucay 
et al., 2009), further suggesting that nuage is tightly con- 
nected to, and likely a product of, germ-cell differentiation. 

Both descriptive and experimental studies in Rana/ 
Lithobates and in Xenopus eggs established that the vegetally 
localized germ plasm is essential for germline formation in 
Anuran amphibians (Houston and King, 2000a). The clas- 
sical embryological evidence showed that UV-irradiation 
of the vegetal pole severely reduced PGC formation (e.g. 
Bounoure et al., 1954; Ziist and Dixon, 1975). Unlike the case 
in Drosophila (Ephrussi and Lehmann, 1992; Illmensee and 
Mahowald, 1974), initial cytoplasmic transfer experiments 
in Xenopus failed to show a similar strong determinative 
role for germ plasm (Wakahara, 1977; Wylie et al., 1985). 
Recent experiments, however, indicate that germ plasm 
transplantation into animal pole cells can create functional 
PGCs in genetically marked Xenopus (Tada et al., 2012), 
although discrepancies with the previous studies remain 
unresolved. 


3.5.2. GERM PLASM MRNAS IN PGC SPECIFICATION 


The first germ-plasm mRNA to be studied functionally 
in Xenopus was dazl, identified contemporaneously with 
vegt (Houston et al., 1998). The Dazl family (Deleted in 
AZoospermia-like) comprises a conserved group of RRM 
domain RNA-binding proteins involved in many different 
aspects of germ cell development in animals and in human 
fertility (Fu et al., 2015; Kee et al., 2009). In Xenopus, dazl 
exhibits a mitochondrial cloud-dependent mRNA localiza- 
tion pattern similar to nanos] and remains detectable in 
early PGCs through the tailbud stages (Houston et al., 1998; 
Sekizaki et al., 2004). Maternal mRNA depletion studies 
identified a role for Dazl in PGC development in Xenopus, 
with dazl-depleted embryos exhibiting PGC migration 
defects and remaining abnormally clustered within the pos- 
terior endoderm (Houston and King, 2000b). Dazl is thus 
thought to control competence for migration in PGCs either 
directly or indirectly through an earlier step in establishing 
PGC specification. Work in other systems has suggested 
that Daz] likely functions in polyadenylation (Haston et al., 
2009; Smorag et al., 2014). 

A number of additional genes localized to the germ plasm 
have been identified (Table 3.1). Several of these genes have 
roles in PGC migration as assessed by Morpholino knock- 
down or antisense mRNA depletion. Notably, depletion 
of mRNAs encoding RNA-binding proteins dndl, ddx25, 
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nanosl, and dazl have similar effects (Horvay et al., 2006; 
Houston and King, 2000b; Lai et al., 2012; Yamaguchi, 
2013). The nature of these genes and mechanistic studies 
of their effects on PGCs strongly suggest diverse roles in 
RNA metabolism, with germ plasm components interacting 
with and regulating each other to ultimately control PGC 
fate and/or migration. As an example, Dnd1 has been impli- 
cated in the protection of target mRNAs (including itself) 
from microRNAs (Kedde et al., 2007), in regulating Nanosl 
translation (Aguero et al., 2018, 2017), and in the anchor- 
ing of localized trim36 mRNA to the vegetal cortex (Mei 
et al., 2013). Recent experiments have also suggested that 
additional pathways are involved in restricting the action 
of Dndl (and possibly other germ plasm RNAs), including 
the important role of the ubiquitin-independent proteasome 
pathway, which is animally localized (Hwang et al., 2019). 
Other germ plasm localized mRNAs, including sox7 and 
efnbl, also have roles in PGC migration (Owens et al., 2017; 
Butler et al., 2018). 

Inaddition to controlling overall PGC specification, anum- 
ber of mRNAs localized to the germ plasm appear to also act 
in morphogenesis of the germ plasm itself. germes encodes a 
Xenopus-specific leucine zipper/EF-hand protein that inter- 
acts with dynein light chain (Berekelya et al., 2003, 2007) 
and may control germ plasm morphology. Similarly, syntab- 
ulin (sybu), encoding a motor adaptor protein implicated in 
mitochondrial transport in neurons and axis formation, is 
involved in aggregation of germ plasm and in perinuclear 
germ plasm relocalization in Xenopus, resulting in PGC 
deficiency (Colozza and Robertis, 2014; Oh and Houston, 
2017b). Similarly, Grip2 is another vesicle transport-related 
protein encoded by a germ plasm mRNA that is involved 
in PGC development, although its role in germ plasm 
morphogenesis has not been examined (Kaneshiro et al., 
2007; Kirilenko et al., 2008; Tarbashevich et al., 2007). 


3.5.3. ASSEMBLY OF MATERNAL GERM PLASM 


The assembly of germ plasm in vertebrates is not well under- 
stood. In zebrafish, buckyball is necessary and sufficient for 
germ plasm and mitochondrial cloud assembly (Bontems 
et al., 2009). The homologous Xenopus gene, velol, encodes 
a vegetally localized mRNA that forms a major protein 
component of the mitochondrial cloud in fish and frog 
(Boke et al., 2016; Claussen and Pieler, 2004; Heim et al., 
2014; Nijjar and Woodland, 2013a, 2013b). Recent data sug- 
gest that the structural role of Velol in the mitochondrial 
cloud is linked to its ability to form amyloid fibrils via an 
N-terminal prion-like domain (PLD; Boke et al., 2016). 
Velol is also a highly disordered protein and contains a 
domain atthe C-terminus involved in non-specific RNA bind- 
ing. Disordered low-complexity protein domains are found 
in numerous RNA-binding proteins, typically mediating the 
formation of liquid hydrogel droplets (Kato and McKnight, 
2016). Velol protein-protein interactions with Dazl and 
Rbpms2 (and interactions among the cognate RNAs and 
proteins) are also required for zebrafish mitochondrial cloud 
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formation (Heim et al., 2014). Additional evidence from fish 
suggests that this self-assembling process is triggered by the 
formation of the “chromosome bouquet,” a polarized cluster 
of telomeres (Elkouby et al., 2016). Genetically, this event 
is upstream of mitochondrial cloud formation (Elkouby 
et al., 2016; Escobar-Aguirre et al., 2017). Experiments in 
Xenopus show that Velol transitions from a mitochondrial 
cloud/amyloid state to a non-amyloid hydrogel-like state 
during formation of the germ plasm domain of the cloud, 
possibly based on phosphorylation of Velol (Boke et al., 
2016; Nijjar and Woodland, 2013b). This more mobile state 
may be a prerequisite for germ plasm morphogenesis during 
development, in contrast to the more stable “architectural” 
form present in the oocyte. 


3.6. CONCLUDING REMARKS 


The general picture of early Xenopus development is well 
appreciated but is now being investigated with increasing 
sophistication at the cellular, molecular, and genetic levels. 
Thus far, a relatively small number of maternal mRNAs, 
both non-localized and localized to different extents, have 
been found to exert strong effects on development. But there 
clearly is greater underlying complexity than is immediately 
evident. These mRNAs have predominant roles in primor- 
dial germ cell specification, axis formation, and germ layer 
induction and patterning (Figure 3.2). 

A broad view of early Xenopus development suggests 
that non-localized (or animally enriched) maternal RNAs 
would initiate general ectodermal identity throughout the 
embryo (in addition to housekeeping functions), within 
which is embedded the competence to respond to various 
inducers to alter germ layer identity. Maternal transcrip- 
tion factors Pou5f3.3 and Sox3 may function in this regard 
as an adjunct to their potential role in contributing to the 
MZT, but the distinction (or lack thereof) between the two 
activities is unclear. Also, maternal Foxh| may act to mark 
some genes for later activation/repression by Nodal/Smad2 
or other signals, but other roles in ectoderm differentiation 
are unknown. 

mRNAs localized widely throughout the vegetal hemi- 
sphere, such as vegt and otx/, are thought to establish 
endodermal identity in vegetal cells and indirectly activate 
the expression of mesendoderm-inducing Nodal proteins. 
Maternally expressed signaling ligands such as Gdfl may 
“prime” this mesendoderm induction or, more likely, con- 
trol the range, activity, or specificity of Nodal/Nodal-related 
proteins. Other localized mRNAs of the more “intermedi- 
ate” pattern may be dedicated in some way to dorsal-ventral 
patterning, with trim36 and dnd! functioning to stimulate 
microtubule polymerization in vegetal subcortical cyto- 
plasm for cortical rotation, controlling the distribution and 
activity of maternal B-Catenin, possibly through Wntl 1b. 
Dorsal fP-Catenin would then interact with ubiquitous 
maternal TCFs to de-repress/activate Nodal, initiating its 
spatiotemporal regulation, and to regulate genes important 
for organizer function. Last, mRNAs restricted to the germ 
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plasm generate proteins that generally inhibit somatic fate 
and specify cellular properties, such as global transcrip- 
tional activity and cell migration, of a small subset of cells 
destined to become the PGCs. 

The use of the Xenopus embryo has been extraordinarily 
successful in characterizing genes involved in early verte- 
brate development, and part of this success of Xenopus has 
been the ease of “tinkering” with development—trying out 
various hypotheses and rejecting erroneous ideas quickly. 
It is unlikely that many of the discoveries described in this 
chapter would have been made as readily without the ability 
to test the functions of genes at the biochemical and cel- 
lular levels almost at a whim. There are several areas in 
which studying the maternal control of early development 
in Xenopus holds good potential for further uncovering new 
knowledge regarding embryonic development. 

First, although there are many efforts to map gene regu- 
latory network models for different aspects of cell differ- 
entiation, in Xenopus, this analysis can be easily extended 
to include the contributions of maternally provided genes. 
In Xenopus, it should be possible to construct a complete 
description of development, beginning with contributions of 
maternally localized mRNAs. Also, although there has been 
tremendous progress in modeling embryonic development 
using stem cells, many of these approaches use growth fac- 
tor stimulation of cells to initiate self-organizing processes. 
These approaches were pioneered by the late Xenopus inves- 
tigator Yoshiki Sasai, focusing on brain and retinal devel- 
opment (Eiraku et al., 2011, 2008). Methods have recently 
been developed to approximate post-implantation-like states 
in mouse embryos and mouse and human pluripotent cell 
aggregates (Zhu and Zernicka-Goetz, 2020). These experi- 
ments are possible because of the robust ability of differ- 
entiating cells to undergo self-organization, a well-noted 
but not well-understood phenomenon. Developmental biolo- 
gists familiar with the work of Spemann and the Holtfreters 
should not be surprised that self-organization seems to be 
the norm. Because studies in early Xenopus embryos do 
not require artificial stimulation or culture conditions, Wnt/ 
P-Catenin activation and other signaling mechanisms can 
thus be investigated under endogenous activation conditions. 

Second, the realization that many types of ribonucleopro- 
tein granules are formed through liquid-like phase transitions 
to a hydrogel state has allowed the formulation of a “solid- 
state” model of information transfer via spatially distinct iter- 
ations of these states along the nucleocytoplasmic transport 
route (Kato and McKnight, 2016). These studies are still in the 
early stages, and we still do not know the full extent to which 
mRNA localization depends on hydrogel states (Neil et al., 
2021). This intriguing possibility has recently been suggested 
by experiments showing that intermediate filament head 
domains also form hydrogels that can coaggregate with low- 
complexity domain-containing RNA binding proteins (Zhou 
et al., 2021). Such an observation could also help explain the 
structural roles of vegt and other localized mRNAs in addi- 
tion to germ plasm morphogenesis. These questions could all 
be profitably addressed using Xenopus oocytes. 
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Last, embryonic development is being described with 
ever-increasing biological detail at multiple levels of analy- 
sis. The abundant protein and nucleic acids in each embryo 
and the ability to easily monitor cellular and intracellular 
behaviors make Xenopus an ideal organism in which to inte- 
grate many of these levels into a complex multi-scale model 
of development. Given the current trend towards the devel- 
opment of sophisticated statistical and machine-learning 
computational tools to explore and work with vast amounts 
of data, a “systems biology” approach to rapidly enabling 
accurate modeling of complex spatio-temporal interactions 
of biological molecules, genes, and cell behavior into gene 
regulatory networks is ideally suited to Xenopus embryos. 

With its rich history and abundant experimental advan- 
tages across many scales of organization, the early Xenopus 
embryo holds promise for rigorously providing a united 
view of cellular (and subcellular) morphogenesis and the 
molecular structure of genetic information, with the cell as a 
(proper) frame of reference. Such an effort may well occupy 
the next 200 years. 
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“Les théories passent, la grenouille reste.” 
“Theories pass, but the frog remains.” 
Jean Rostand—Le carnet d'un biologiste—1959 


4.1. HISTORICAL BACKGROUND 


Watching a fertilized animal egg develop into an embryo 
with many tissues is fascinating. How could something as 
complex happen? Embryology became the forefront of bio- 
logical research when researchers realized that rather than a 
descriptive approach, experimental challenges were required 
to unravel the mechanisms of development. The frog embryo 
led the way. In 1883, Wilhelm Roux killed one of the two 
blastomeres of a frog embryo with a hot needle and found that 
the surviving cell gave rise to only a half embryo. However, 
in 1891, Hans Driesch separated the first two blastomeres of a 
sea urchin embryo and found that each cell could self-organize 
and give rise to a complete, albeit smaller, embryo (reviewed 
in Spemann, 1938). The discordant results were clarified by 
Thomas Hunt Morgan (who before becoming a geneticist was 
an experimental embryologist), who repeated Roux’s experi- 
ment and found that if the dead blastomere were gently pipet- 
ted out of the frog embryo, frogs also could self-regulate and 
generate a complete tadpole from half an egg (Morgan, 1895). 
Using baby hair loops to slowly constrict newt eggs at the one- 
or two-cell stage, Hans Spemann later obtained twins from 
the same amphibian egg (Spemann, 1938). 

One can imagine that understanding the mechanisms 
leading to making two out of one would be next to impossible. 
Yet the way forward was pointed by an experiment car- 
ried out by a graduate student at Freiburg University, Hilde 
Mangold. Under the direction of Spemann, who had found 
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that the dorsal lip of the blastopore was the first region of 
the embryo to become determined, she transplanted dorsal 
lips into the ventral side of host embryos from newt species 
that differed in their degree of pigmentation. In experiments 
based largely on two embryos with secondary axes—no sta- 
tistical significance analyses were required back then—she 
described in wonderful camera lucida drawings of histo- 
logical sections that the transplanted dorsal organizer gave 
rise mostly to notochord, while the neighboring cells were 
induced to form a Siamese twin containing dorsal tissues 
such as somites and central nervous system. This was the 
most famous experiment in embryology (Spemann and 
Mangold, 1924). Tragically, Hilde Mangold, who had a 
small baby, died before her paper was published. Spemann 
received the Nobel Prize for Physiology or Medicine in 
1935 for the discovery of embryonic induction of histotypic 
differentiation. 

The Spemann-Mangold experiment marked the apogee of 
experimental embryology. A flurry of experiments attempted 
to identify the chemical substance that was able to induce 
the central nervous system (CNS), also called the primary 
inducer. However, given the methods available at the time, 
all efforts failed, and experimental embryology gradu- 
ally faded (Hurtado and De Robertis, 2007). The genetics 
founded by Morgan with the use of the Drosophila fruit fly 
became the pre-eminent biological discipline for most of the 
20th century. 

By the 1970s, it was common to hear famous professors say 
that Spemann had set back developmental biology by 50 years. 
Experimental embryology was forgotten. That all changed in 
the 1990s, when molecular biology became practical and new 
genes could be readily isolated. A wonderful memoir about 
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graduate student days in the Spemann lab also played a role 
in the renaissance of experimental embryology (Hamburger, 
1988). This short book, written when Viktor Hamburger was 
88 years old, inspired many of us in the Xenopus community 
to take a second look. What followed was a revolution. 


4.2. THE SEARCH FOR SPEMANN ORGANIZER 
MOLECULES IN XENOPUS 


In our laboratory, we used manually dissected Xenopus dorsal 
lips to prepare cDNA libraries from which the first organizer- 
specific gene, goosecoid, was isolated (Cho et al., 1991). Other 
laboratories followed some months later, treating Xenopus 
animal cap explants with Activin, which induces dorsal 
mesoderm and resulted in the isolation of other organizer 
transcription factors such as lim-1 and forkhead-1 (Taira 
et al., 1992; Dirksen and Jamrich, 1992). Using a very pro- 
ductive functional assay of microinjecting pools of synthetic 
mRNAs which were then sib-selected, Richard Harland suc- 
ceeded in isolating Noggin, the first secreted protein of the 
Spemann organizer (Smith and Harland, 1992). Douglas 
Melton found that Follistatin was also secreted by the orga- 
nizer (Hemmati-Brivanlou et al., 1994). 

The Spemann organizer proved a very productive fishing 
ground for novel signaling molecules. At early stages of devel- 
opment, cells are engaged in exchanging signals specifying 
their positional information before tissue differentiation takes 
place. The Xenopus gastrula has been the subject of saturat- 
ing screens for dorsal and ventral molecules (Figure 4.1A). 
This is analogous to the case of Drosophila, in which, using 


A 
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genetic screens, the signaling networks involved in cuticle 
patterning have been saturating as well. In our lab, we used 
various types of dorsal-ventral (D-V) probes to isolate xnot-2 
(Gont et al., 1993), chordin (chd) (Sasai et al., 1994), cerberus 
(Bouwmeester et al., 1996), and frzb-1 (Leyns et al., 1997). 
Unbiased screens for Xenopus proteins secreted by cultured 
mammalian cells identified IGFBP-5 (Insulin-like growth fac- 
tor binding protein 5), the Crescent and sFRP2 Wnt inhibitors, 
and many ventrally secreted proteins (Pera et al., 2000). 

With the sequencing of the Xenopus laevis genome 
(Session et al., 2016), a new era started, and high-throughput 
RNA-seq became possible. This produced an exhaustive 
and quantitative catalog of transcripts expressed in the ven- 
tral and dorsal sides of the Xenopus gastrula (Ding et al., 
2017a). A list of 44,000 transcripts arranged according to 
dorsal to ventral expression is available in Table S1 of Ding 
et al. (2017a). This study identified secreted Pkdcc (protein 
kinase domain containing, cytoplasmic) also known as Vlk 
(vertebrate lonesome kinase) as a Wnt inhibitor (Ding et al., 
2017a). RNA-seq identified an early dorsal P-Catenin gene 
signature of 123 genes, a plethora of ventral genes (Ding 
et al., 2017b), and Angiopoietin-like 4 (Angptl4) and Bighead 
as Wnt inhibitors that promote LRP6 receptor endocytosis 
(Kirsch et al., 2017; Ding et al., 2018). 


4.2.1. GOOSECOID 


Goosecoid was the first gene identified in Spemann's orga- 
nizer and has proved a very reliable marker of organizer 
tissue (Cho et al., 1991). For example, the location of the 
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Signaling components of dorsal-ventral patterning in Xenopus. Many components of the dorsal Spemann organizer and 


the ventral center at the opposite pole of the embryo have been isolated in saturating molecular and functional screens carried out in 
many laboratories. The Xenopus gastrula has been a rich source of new molecules and developmental mechanisms. (A) Many of the novel 
genes identified encoded secreted antagonists of the BMP and Wnt pathways. (B) Components of the extracellular Chordin/Tolloid/ 
Tsg/CV2/BMP pathway. Direct protein-protein interactions demonstrated biochemically are shown by solid black lines, transcriptional 
regulation by stippled lines, and flux of Chordin/BMP/Tsg complexes towards the ventral center by gray lines. The rate-limiting step 
is the proteolytic cleavage of Chordin by Tolloid metalloproteinase. BMP signaling is maximal in the ventral and lowest in the dorsal 
side, setting up the transcriptional control of this self-regulating morphogen gradient system conserved throughout the animal kingdom. 
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mouse organizer was not known. When I presented the first 
in situ hybridizations of mouse goosecoid in 1992 at the first 
vertebrate molecular embryology meeting in Les Diablerets, 
Switzerland, great consternation was caused. Our collabo- 
rator Stephen Gaunt had found goosecoid expression in 
the anterior primitive streak. Mouse embryologists almost 
unanimously rose to counter that the organizer was located 
in the node that forms posterior to the notochord at a later 
stage of development. Fortunately, on the train down from 
the mountain, I sat, dejected, next to Azim Surani, who sug- 
gested that if the mouse organizer were where we thought it 
was, transplantation into the Xenopus blastula cavity might 
reveal its inductive activity. We did the experiment with 
Martin Blum and Herbert Steinbeisser, and that was the 
case; goosecoid has pinpointed the location of the organizer 
in many vertebrate embryos since (De Robertis, 2004). 


4.3. THE VENTRAL SIGNALING CENTER 


The dorsal organizer has been the center of attention, but it 
is emerging that the ventral side of the gastrula is equally 
important. For each action on the dorsal side, there is a reac- 
tion on the ventral side. Ventral genes are turned on by BMP4 
signaling, while dorsal genes are transcribed when BMP sig- 
naling levels are low (Karaulanov et al., 2004; Reversade and 
De Robertis, 2005). This transcriptional seesaw explains to a 
large degree the self-regulation and resilience of the Xenopus 
embryo. The reason the ventral center was ignored for a long 
time was that when transplanted, ventral tissue becomes 
incorporated into the host site instead of inducing changes 
in the neighboring tissues (Spemann, 1938). However, when 
BMP2/4/7 are depleted simultaneously so that no epidermis 
is formed, transplantation of wild-type ventral tissue can 
induce epidermal differentiation (high BMP) at a great dis- 
tance (Reversade and De Robertis, 2005). 

Xenopus BMP4 was found to be expressed in the ven- 
tral region and to induce ventralization (Fainsod et al., 
1994). However, the realization that the ventral side serves 
to antagonize the effects of the organizer was not formu- 
lated until Christof Niehrs discovered Xvent-1 and Xvent- 
2, two homeobox target genes of BMP4 with similarities to 
Drosophila bar (Gawantka et al., 1995). It was later found 
that these genes mediate the effects of BMP4 (Ladher et al., 
1996; Onichtchouk et al., 1996). There is a whole panoply 
of genes part of the BMP4 synexpression group (Niehrs and 
Pollet, 1999) that are transcriptionally activated by BMP4 
signaling, such as Id1—4 (inhibitor of differentiation 1-4) 
(Karaulanov et al., 2004) and BAMBI (BMP and Activin 
Membrane Bound Inhibitor), a transmembrane pseudorecep- 
tor lacking the cytosolic Serine-Threonine kinase domain 
(Onichtchouk et al., 1999). 

The function of Xventl/2 as repressors of the Spemann 
organizer has been investigated using antisense morpholino 
oligonucleotides (MOs). This method of obtaining loss of func- 
tion can be very effective and specific in Xenopus embryos. In 
zebrafish, on occasion, MOs may have toxic effects, and this 
has greatly confused the field, as zebrafish researchers now 
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demand genetic mutations while negating the many favorable 
properties of MOs in Xenopus and many other organisms, for 
which we have advocated elsewhere (Blum et al., 2015). Xventl 
and 2 have redundant functions, but when both are depleted, 
embryos are strongly dorsalized with expanded heads and 
short trunks (Sander et al., 2007). Notably, the expression of 
goosecoid is greatly expanded by loss of Xvent1/2. Depletion 
of Xenopus Goosecoid with MO resulted in cyclopic embryos 
with small heads and enlarged ventral tissues. Unexpectedly, 
triple depletion of Xventl, Xvent2, and Goosecoid rescued 
almost completely normal D-V and anterior-posterior (A-P) 
development in a variety of assays (Sander et al., 2007). Thus, 
it is as if these three genes are dispensable for embryogenesis 
and exist to balance deviations from the norm of their counter- 
parts. Xventl/2 and Goosecoid in Xenopus mediate a remark- 
able self-adjusting mechanism to ensure a perfect tadpole is 
formed time after time. 

The most abundant ventral center transcript in the ventral 
center is Sizzled (Szl), a divergent sFRP (secreted frizzled- 
related protein) that lost its ability to bind Wnts (Collavin and 
Kirschner, 2003; Ding et al., 2017a). Sizzled, like Xolloid- 
related protease (Piccolo et al., 1997), Twisted gastrulation 
(Tsg) COelgeschláger et al., 2000), and Crossveinless-2 (CV-2) ( 
Ambrosio et al., 2008) are ventral center-secreted proteins 
that function in the Chordin morphogenetic pathway. 


4.4. BMP ANTAGONISTS AND TISSUE 
DIFFERENTIATION 


The Spemann organizer directs the differentiation of dorsal 
tissues. Xenopus is ideal for the analysis of D-V histotypic cell 
differentiation because the embryo undergoes a cortical rota- 
tion at the one-cell stage that displaces the maternal pigment 
towards the ventral side (which is the sperm entry side). If 
one pays close attention, the rotation continues at the two- and 
four-cell stage. The result is that if one selects symmetrically 
dividing embryos, at the four-cell stage, the two blastomeres 
containing the less pigmented dorsal crescent will reliably 
mark the formation of the dorsal blastopore lip and the embry- 
onic midline (Klein, 1987). This is a very powerful tool that 
allows embryologists to direct D-V microinjections, lineage 
tracing, and transplantations from the earliest stages of devel- 
opment. Surprisingly, this useful tool was disputed by lineage 
tracing random embryos, which resulted in the publication of 
a paper (Danilchik and Black, 1988), but, fortunately, it did 
not stop further lineage-tracing research in Xenopus. It is 
good that today some journals are starting to publish papers 
confirming, not only negating, previous observations. 

At the 16-cell stage, the Xenopus embryo has a 
predictable cell lineage (Moody, 1987). At this stage, 
four segments can be distinguished (S1-S4) on each side, 
which can be marked individually by four microinjections 
of fluorescent lineage tracers (Moriyama and De Robertis, 
2018). In the beautiful embryo shown in Figure 4.2, the 
descendants of the organizer can be followed in red and 
progressively more ventral tissues in green, blue, and finally 
orange. This tour-de-force by Yuki Moriyama reveals that 
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the dorsal organizer gives rise not only to notochord and 
floor plate but also to the medial somite that lies next to the 
notochord. Lineage tracing at the 32-cell stage has delin- 
eated in detail the origin of the dorsal lip of the circular 
blastopore at early neurula (Bauer et al., 1994; Vodicka and 
Gerhart, 1995). When lineage traced at late gastrula/early 
neurula, the dorsal lip organizer continues its gastrulation 
movements inside the tailbud embryo all the way to the tip 
of the tail, where it gives rise to the stem cells of the chor- 
doneural hinge (Gont et al., 1993). 

The main finding of the Spemann organizer molecular 
studies was that this tissue is a source of secreted growth 
factor antagonists, many of which were novel proteins at the 
time (Figure 4.1A). Thus, Chordin, Noggin, and Follistatin 
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were BMP antagonists (Piccolo et al., 1996; Zimmerman et 
al., 1996; Fainsod et al., 1997). The head inducer Cerberus 
is a secreted inhibitor of Nodal, BMP, and Wnt (Piccolo et al., 
1999). Dickkopf-1 (Dkk1) (Glinka et al., 1998), Frzb-1, 
Crescent, Angptl4, Pkdcc, and Bighead are all secreted Wnt 
antagonists (Figure 4.1 A). 

In the case of BMP antagonists, the simultaneous depletion 
of all three is required for the loss of all dorsal structures 
(Khokha et al., 2005). The depletion of Chordin leads to 
a partial loss of dorsal structures and the complete loss of 
inductive activity of transplanted organizers (Oelgeschláger 
et al., 2003). Activin, a TGF-B superfamily growth factor that 
induces dorsal mesoderm in animal cap ectodermal explants, 
is only able to induce ventral mesoderm when Chordin is 


FIGURE 4.2 Inductive signals from the Spemann organizer govern the highly stereotypical histotypic development of the Xenopus 
embryo. In symmetrically cleaving embryos, the cell lineage can be followed by labeling the four segments of the Xenopus blastula at 
thel6-cell stage with red, green, blue, and orange conjugated Dextran amines. (A) Experimental diagram; embryo received 16 injec- 
tions, and Vibratome sections were prepared at tailbud stage. (B) Segment 1 (red FI568-DA) gives rise to notochord, hypochord, dorsal 
endoderm, and ventral-most CNS, with a weaker contribution to the medial somite. (C) Segment 2 (green, Fluorescein-Dextran amine, 
F-DA) gives rise to most of the medial somite and spinal cord. (D) Segment 3 (Cascade Blue-Dextran amine, CsB]-DA) gives rise to most 
of the lateral somite, dorsal CNS and epidermis. (E) Segment 4 gives rise to the outermost parts of the somite, intermediate mesoderm, 
lateral plate, and ventral epidermis. (F) Progeny of the dorsal segments 1 and 2. (G) Progeny of ventral segments 3 and 4. (H) Merged 
image of this beautiful four-channel confocal image. (I) Diagram summarizing the origins of D-V tissues in Xenopus, which shares the 
same stereotypical D-V differentiation with all vertebrate embryos. CNS, central nervous system; En, endoderm; Gc, gut cavity; Hy, 
hypochord; mSo, medial somite; No, notochord; So, somite. 


Source: Modified from supplementary information of Moriyama and De Robertis, 2018; reproduced with permission from the Proceedings of the 
National Academy of Sciences USA. 
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depleted, indicating an essential role of Chordin in the dor- 
salization of mesoderm (Oelgeschlager et al., 2003). 


4.5. NEURAL INDUCTION BY THE ORGANIZER 


Xenopus blastula ectodermal explants, also called animal 
caps, provide an ideal system to study the induction of the 
CNS, which has fascinated biologists since Spemann (De 
Robertis and Kuroda, 2004). Animal cap explants develop 
into epidermis and contain high levels of BMP signaling 
(Wilson and Hemmati-Brivanlou, 1995). Treatment of ani- 
mal cap cells with Noggin protein induced anterior brain tis- 
sue (Lamb et al., 1993). Similarly, microinjection of mRNAs 
encoding Chordin, Noggin, or Follistatin also induced ante- 
rior neural tissue (Sasai et al., 1995; Kuroda et al., 2004). 
Neural tissue is the default state of the animal cap, and 
when cells are dissociated in low calcium, they become 
neural due to sustained activation of the Ras/MAPK path- 
way (Kuroda et al., 2005). MAPK phosphorylation primes 
the BMP transcriptional regulators Smad1/5/8 for phos- 
phorylation by GSK3 and subsequent degradation, result- 
ing in reduced BMP signaling (Fuentealba et al., 2007). 
Neural induction requires the inhibition of both the BMP 
(Smad1) and TGF-B (Smad2) pathways (Chang and Harland, 
2007). This can be achieved through polyubiquitinylation 
triggered by FGF/MAPK/GSK3 phosphorylations of the 
shared Smad4 subunit (which is not a substrate for Serine- 
Threonine kinase receptors) (Demagny et al., 2014). Modern 
studies of the Spemann organizer have greatly helped for- 
mulate current models of the regulation of CNS induction. 


4.6. THE CHORDIN/TOLLOID/TWISTED 
GASTRULATION/CROSSVEINLESS-2/ 
BMP ANCESTRALLY CONSERVED 
D-V PATTERNING SYSTEM 


Chordin is at the center of D-V patterning and is a key com- 
ponent of a biochemical pathway of interacting extracellular 
proteins in Xenopus (Figure 4.1B). Chordin facilitates the 
diffusion (or flux) of dorsal BMPs towards the ventral side of 
the embryo, where they are released by a specific chordinase 
called Tolloid (Xolloid-related in Xenopus) (Piccolo et al., 
1997). At the highest levels of BMP signaling, Sizzled is 
secreted at levels comparable to those of Chordin 
(Lee et al., 2006). Sizzled functions as a competitive 
inhibitor of Tolloid, as it is bound by the active site of the 
protease but cannot be cut (Lee et al., 2006). However, 
Tolloid enzyme activity is also non-competitively inhibited 
by the binding of BMP to the so-called CUB domains of this 
metalloproteinase (Lee et al., 2009). Chordin and Sizzled 
are the highest enriched transcripts both at the dorsal and 
ventral poles of the embryo (Ding et al., 2017a). 

The Chordin/Tolloid system is self-regulating and 
adjustable to size-dependent scaling (Ben-Zvi et al., 2008; 
Inomata et al., 2013). Diffusion of Chordin/BMP driven by 
copious degradation by Tolloid takes place in the narrow 
region of extracellular matrix that separates ectoderm from 
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mesoderm, called Brachet’s cleft in Xenopus (Plouhinec 
et al., 2013). Tsg secreted ventrally forms a ternary complex 
with BMP and Chordin, facilitating the transfer of 
BMP to its cell-surface receptors after Tolloid cleavage 
(Oelgeschláger et al., 2000; Zinski et al., 2018). CV2 does 
not diffuse but serves as a binding site to attract Chd/Tsg/ 
BMP to the ventral side for cleavage by Tolloid and release 
of BMP/Tsg (Ambrosio et al., 2008) (Figure 4.1B). This 
D-V patterning pathway is strongly supported by loss-of- 
function mutations in zebrafish (Little and Mullins, 2006; 
Zinski et al., 2018). 

Chordin is the homologue of Drosophila Short 
gastrulation (Sog) (Holley et al., 1995). Tsg, Tolloid, and 
CV2, but not Sizzled, have Drosophila homologues as well. 
In zebrafish, Sizzled is called Ogon/Mercedes (Little and 
Mullins, 2006). As reviewed elsewhere, the remark- 
able Chd/Tolloid/Tsg/CV2/BMP biochemical pathway is 
ancestral to bilateral animals and is even conserved in the 
sea anemone Nematostella (Bier and De Robertis, 2015; 
De Robertis et al., 2017). 


4.7. SELF-REGULATION BY SPEMANN 
ORGANIZER RELOCALIZATION 


Spemann had been able to obtain twins by hair-loop con- 
strictions of the fertilized egg (Spemann, 1938). Many years 
later, we realized that identical twins could be obtained in 
Xenopus by cutting blastula embryos sagittally with a scalpel 
blade, but this occurred only at very low frequencies. More 
recently, the frequency of twinning was greatly improved 
by bisecting blastula embryos with an eyelash knife and 
improving culture conditions. With frequencies of twinning 
of 50% or more, it became possible to follow the molecular 
changes that take place when the entire missing half of the 
embryo is regenerated (Moriyama and De Robertis, 2018). 
Figure 4.3 shows the results of sagittal or dorsal/ventral 
bisections. We unexpectedly found that, in twins that healed 
properly, the maternal egg pigmentation was routinely 
asymmetric on the left or right sides (Figure 4.3B” and C”), 
prompting a series of in-depth lineage tracing investiga- 
tions. The half embryo heals the large wound left by bisec- 
tion within 60 minutes, bringing the most dorsal segment 
1 fated to become the Spemann organizer in direct contact 
with the ventral-most cells of segment 4. From this oppo- 
sition, the formation of the dorsal organizer, which is not 
yet established at mid blastula, is displaced by 90° (Figure 
4.3B” and C”). This explains the pigment asymmetry, for the 
most pigmented epidermis arises from the ventral-most seg- 
ment 4 after the mesoderm involutes forming the left and 
right side. Studies using Chordin and phospho-Smad1/5/8 
confirmed that a new D-V gradient is formed by reposition- 
ing the D-V axis, explaining self-organization of twins after 
bisection (Moriyama and De Robertis, 2018). When bisec- 
tion is performed perpendicularly to the sagittal plane, the 
dorsal half can scale the size of the gradient into an approxi- 
mately normal embryo (Figure 4.3D-D””), but the ventral 
half forms only ventral mesoderm, as it lacks a Spemann 
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FIGURE 4.3 Xenopus laevis half embryos have powerful self-organizing properties that are revealed by bisection. On the left, drawing 
of blastula embryos being bisected in the sagittal or dorsal/ventral directions with an eyelash knife. (A) Uncut whole embryo. (B) Right 
half embryo cut sagittally; the maternal pigment is darker on the left side of the tailbud tadpole (while it is uniform in the whole embryo). 
(C) Left half from the same blastula; pigment asymmetry at tailbud is concentrated on the right side. (D) Dorsal half embryo at tailbud 
showing almost perfect scaling of the half embryo along the antero-posterior axis to form a well-proportioned tadpole. (E) Ventral half 
embryo; since it lacks the Spemann organizer, it develops into a belly-piece consisting of ventral tissues, such as blood and lateral plate, 
without any dorsal axis. All embryos were from the same experimental batch. The diagrams indicate how displacement by 90° of the 
Spemann organizer explains the tissue regeneration and pigment asymmetry observed in twinned embryos (Moriyama and De Robertis, 
2018). Numbers indicate the four segments of the 16-cell embryo that were lineage-traced. After sagittal bisection, the dorsal-most seg- 
ment 1 becomes juxtaposed to the ventral-most segment 4, which has high BMP and Wnt expression potential. The organizer is not yet 
formed at midblastula when embryos are bisected, but by early gastrula, the new organizer (indicated by the red dot) forms 90° away from 
its original D-V location. 


Source: Embryo images from Moriyama and De Robertis, 2018; reproduced with permission from the Proceedings of the National Academy of Sciences USA. 


organizer (such fragments were called belly-pieces by 
Spemann) (Figure 4.3E—E’’). 


center genes and their communication with dorsal signals 
over long distances has been incompletely explored. The 
regulatory mechanisms by which the D-V and A-P axis 
are entwined remain largely unknown. We do not know 
whether other morphogen gradient-fields will be regulated 


4.8. FUTURE AVENUES OF RESEARCH 


The embryos of the frog Xenopus laevis provide a marvel- 
ous biological material. The advances derived from study- 
ing the signaling components that control dorsal-ventral 
patterning and their remarkable regeneration properties 
after experimental manipulations have been profound. 
Many new molecules have been discovered and the nature 
of a morphogenetic gradient dissected. As we approach 
the centennial of the Spemann-Mangold experiments in 
2024, many unknowns remain. The nature of the ventral 


by opposing poles of high and low signaling by growth 
factor pathways. How a multitude of extracellular signals 
such as Wnt, FGF, and BMP signals are integrated at the 
level of hard-wired intracellular protein phosphorylations 
to generate simple cell differentiation decisions is only 
starting to emerge. More cell biological aspects, such as 
the relation between embryonic induction and membrane 
trafficking, are at their infancy. The questions change, but 
the frog remains. 
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5.1. INTRODUCTION the embryonic axis was actively pursued in subsequent 


The work of Hans Spemann and Hilde Mangold on induction 
of a secondary dorsal axis by a piece of transplanted dorsal 
marginal tissue was one of the most impactful in the field of 
embryology (Spemann and Mangold, 1924; Spemann and 
Mangold, 2001). The experiments demonstrated not only 
developmental plasticity of early amphibian embryos but 
also the phenomenon of cell fate re-specification in response 
to inductive tissue interactions, which provide strong sup- 
port for cell-cell communication based on the “organizer” 
idea (reviewed in Chapter 4). In the same work, Spemann 
and Mangold also noted that the anterior portion of the 
secondary neural tube and the optic vesicles were miss- 
ing. They discussed the possibility of deficiency in certain 
parts of the implanted organizer that would be necessary 
for the induction of anterior neural plate with eye primor- 
dia (Spemann and Mangold, 1924; Spemann and Mangold, 
2001). The issue of the organizer with regionalized head- 
and trunk-inducing ability was further taken up by Spemann 
in later experiments that used dorsal lips from early or older 
gastrula embryos, which showed that early organizers could 
induce a full secondary axis, including a head, whereas older 
organizers induced a partial ectopic axis with only trunk and 
tail regions (Hamburger, 1988; Spemann, 1936). Hence, it 
was understood early on that neural induction and specifica- 
tion of regional characteristics (patterning) of the induced 
neural tissues (head or trunk) were interlinked processes, 
and the source of the inducers, the timing of induction, and 
the properties of the responding tissues might all influence 
the outcome. The issue of patterned neural induction along 
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studies. Spemann’s students as well as scientists from other 
institutions investigated inductive interactions that gave 
rise to distinct brain structures or spinal cord, and different 
models were put forward to account for the signals involved 
in the process (Doniach, 1993; Slack and Tannahill, 1992). 
In the absence of the identities of the inducing substances, 
the quest for the anterior (cranial) and posterior (trunk and 
tail) neural inducers persisted to modern days. The advent 
of technologies for examining gene expression and manipu- 
lating gene functions in recent decades greatly enhanced 
our ability to interrogate this classical question with new 
rigor, and important insights have been gained into molecu- 
lar control of both neural induction and neural patterning. 
This is especially pertinent using Xenopus, currently the 
most popular amphibian model of early development. This 
chapter aims to review key aspects of classical works that 
inspired different models on anterior-posterior (AP) neural 
patterning and discuss several signaling pathways identified 
using molecular biology approaches that regulate AP neu- 
ral specification. Considerations on a number of remaining 
issues regarding AP patterning are also discussed briefly. 


5.2. CLASSICAL EXPERIMENTAL EMBRYOLOGY 
STUDIES BROUGHT FORTH 

DIFFERENT MODELS ON ANTERIOR- 
POSTERIOR NEURAL PATTERNING 


Development of structures along the head-to-tail (a.k.a. 
anterior-posterior or rostral-caudal) axis in vertebrate 
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embryos was best studied using amphibian animals in the 
first half of the 20th century due to practical advantages. 
In vitro growth of amphibian embryos in simple salt solu- 
tions not only allowed observation of embryogenesis at all 
stages but more importantly made embryos accessible to 
microsurgery. Once the composition of culture media was 
rendered optimal for embryo growth and infection could 
be minimized by careful operations, microsurgery became 
the key tool in studies of developmental trajectories of tis- 
sues. Isolated pieces cultured in vitro (explants), as well 
as embryonic parts transplanted into a host embryo, were 
examined in detail to gain information about tissue deter- 
mination and plasticity. Stage- and region-specific micro- 
surgeries were performed to examine progressive changes 
with time and at different embryonic positions in terms of 
both inducing and responsive capacity of the manipulated 
tissues. Gross morphological and histological analyses 
were employed to assess developmental outcomes of the 
operations. These experimental embryological approaches 
were used to explore tissue interactions involved in AP axis 
development. The patterning of the nervous system was 
especially investigated in detail due to the ease of identi- 
fying morphological and histological features of the brain 
regions and the spinal cord, and a range of amphibian spe- 
cies, including salamanders, newts, and frogs (urodeles/ 
pleurodeles and anurans), were surveyed. These studies 
cumulated in several models that aimed to elucidate general 
principles underlying AP neural induction and patterning 
in amphibians. 

Early cell fate mapping studies showed that mesendo- 
dermal and ectodermal precursor cells in blastula and early 
gastrula embryos had opposite AP polarity on the surface of 
the embryos (Slack and Tannahill, 1992; Vogt, 1929). The 
prospective anterior neural cells were localized toward the 
animal pole whereas the anterior mesendodermal precur- 
sors were close to the vegetal side. Internationalization and 
morphogenetic movements of mesendoderm during gastru- 
lation led to reversal of mesendodermal AP polarity and 
subsequent registration of the AP axis between the germ 
layers (Figure 5.1A). The fate map studies raised ques- 
tions about when the AP tissue identities were developed 
and how mesendodermal and neural AP development was 
coordinated. 

In the neural tissue, morphological and histological 
features in the amphibian tadpoles, such as the position of 
sensory organs and characteristic patterns of ventricular 
thickness and axonal tracks in the brain, made it easy to 
distinguish between the forebrain, midbrain, hindbrain, and 
spinal cord (Slack and Tannahill, 1992). However, there were 
no definitive features to subdivide the prechordal mesendo- 
derm, and both the notochord and the somites looked mor- 
phologically similar along the trunk. The AP distinction of 
the mesendoderm was hence limited only to the prechordal 
and the trunk regions in induced tissues. Because of this, 
the analysis of AP development was done mainly using the 
neural tissues. Distinct research approaches, including cul- 
ture of explants, conjugation of different embryonic parts, 
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and various types of tissue transplantations, were used by 
many groups to address specific issues concerning AP neu- 
ral development. 

To explore how AP neural features were acquired dur- 
ing embryogenesis, tissue conjugates were made with the 
presumptive inducing materials taken from the dorsal lip 
of gastrula embryos, tissues from different AP positions 
along the archenteron roof, or pieces of the neural plate 
at distinct AP levels. These isolates were sandwiched 
between one or two pieces of early gastrula-stage ani- 
mal caps, and the resulting structures were scored for the 
appearance of brain or spinal cord traits (Doniach, 1993; 
Slack and Tannahill, 1992). The studies showed that early 
dorsal lips induced only anterior structures, whereas more 
posterior structures also formed when late dorsal lips 
were used (Okada and Takaya, 1942). In addition, anterior 
pieces of archenteron roof or neural plate induced only 
anterior structures in the animal caps, such as brain and 
eyes, whereas posterior archenteron roof or neural plate 
induced more posterior structures (Doniach, 1993; Slack 
and Tannahill, 1992). Though some differences were seen 
in inductive activities of archenteron roof and neural plate, 
the results from the sandwich studies demonstrated that 
AP neural characters could be induced in both temporal- 
and spatial-dependent manners. Forebrain-like structures 
were induced by early-stage organizer and anterior tissues, 
whereas spinal cord was induced by late-stage organizer 
and posterior tissues. 

The idea that mesoderm at different AP positions 
induced neural tissues of corresponding AP characters 
was in fact suggested by an earlier experiment from Otto 
Mangold (1933) using a different approach. He inserted 
stripes of dorsal mesoderm taken from underneath the 
neural plate at different AP positions of early neurula 
embryos into the blastocoel cavity of early gastrula-stage 
embryos (the Einsteck experiment). Gastrulation move- 
ments would push the implanted tissues against the ven- 
tral wall of the blastocoel and allow inductive interaction 
between the implants and the host. Otto Mangold (1933) 
showed that when the implants were taken from the ante- 
rior regions, only anterior structures were induced in 
the ectopic position. However, when donor tissues were 
taken from the posterior regions, ectopic trunk structures 
appeared. He thus proposed that different mesodermal 
regions contained different neural inducers that could 
induce neural tissues with corresponding AP characteris- 
tics (Figure 5.1B). 

A very different model of AP patterning was suggested 
by Pieter Nieuwkoop based on his tissue transplant experi- 
ments (Nieuwkoop, 1952a, 1952b, 1952c). Instead of using in 
vitro tissue explants or transplantation in gastrula embryos, 
he devised a distinctive way of inserting folded flaps of 
competent ectoderm into the neural plate of neurula stage 
embryos at different axial levels. He then used histological 
landmarks to score for formation of different structures in 
the folds at later stages. He observed that neural tissues were 
induced in the folds along the entire AP axis. Decreased 


Signaling Pathways in AP Patterning 


A 


FIGURE 5.1 


53 


Distinct models for anterior-posterior neural induction. (A) Fate map of amphibian embryos reveals that the orien- 


tation of the anterior-posterior neural tissues (1-4) is opposite to that of the mesendodermal tissues (4'—1”) prior to gastrulation. 
Internalization and movements of mesoderm and endoderm during gastrulation results in alignment of AP axis between the neural and 
the mesendoderm tissues. Left panel: dorsal view of early gastrula with anterior to the top and blastopore lip indicated. Right panel: 
mid-sagittal section of late gastrula with anterior to the left. Shaded areas indicate endoderm and ventral non-neural ectoderm. (B) 
Mangold’s model of distinct regional neural inducers (arrows) that specify different neural characters, indicated by different patterns, 
along the anterior-posterior body axis. (C) Nieuwkoop’s activation-transformation model proposes that a common neural inducer 
expressed along the entire anterior-posterior axis (arrowheads) can induce only forebrain-like neural tissues, whereas a separate trans- 
forming agent (dots), which cannot induce neural tissues on its own, can transform forebrain-like structures into more posterior neural 
tissues due to its graded distribution with a higher concentration at the posterior end or a longer exposure to the transforming agent by 


the posterior tissues. 


neural induction was observed in more posterior territo- 
ries. Within the folds, more posterior neural characteristics 
were found proximal to the junctions between the implants 
and the host, whereas more anterior neural characteristics 
could be identified distal to the implant-host connection. 
Nieuwkoop proposed that two distinct inducers were present 
in the embryo: an activator that was expressed throughout 
the axial mesoderm and induced forebrain-like structures, 
and a transformer that had higher concentrations at the pos- 
terior end and could transform forebrain into more posterior 
neural characters (Figure 5.1C). This model was supported 
by studies of other investigators, such as Eyal-Giladi and 
Yamada (Eyal-Giladi, 1954; Yamada, 1990). Yamada pro- 
posed that two events were required for formation of an 
organized neural system: (1) ectodermal dorsalization that 
was responsible for neural and neural crest (mesectoderm) 
differentiation and (2) caudalization that was responsible 
for the expression of posterior structures (Yamada, 1990). 


Like Nieuwkoop, Yamada suggested that caudalization 
functioned as a gradient. Besides the activation-transfor- 
mation model, a modified two-signal hypothesis was also 
articulated by Saxén and Toivonen. They postulated a two- 
gradient model with “neuralizing” and “mesodermalizing” 
events that induced forebrain-like neural and mesodermal 
derivatives, respectively. They emphasized that the ratio of 
induced neural and mesodermal cells in the responding tis- 
sues determined the AP characteristics of the neural tissue, 
whereas secondary interactions among induced neural and 
mesodermal cells were important for organizing the specific 
AP neural structures (Saxen and Toivonen, 1961; Saxen et 
al., 1964). 

The studies of classical experimental embryology using a 
variety of amphibian species thus brought forth several mod- 
els of AP embryonic patterning of the neural tissues. While 
the activation-transformation model was gaining accep- 
tance, active discussions remained about the source and the 
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nature of the inducers, the competence of the ectoderm, and 
the timing of induction. The conversations about these ques- 
tions would be clarified when the molecules responsible for 
neural induction and transformation were identified. 


5.3. INSIGHT INTO SIGNALING PATHWAYS 


CONTROLLING ANTERIOR-POSTERIOR 
EMBRYONIC PATTERNING FROM 
MOLECULAR BIOLOGICAL STUDIES 


Experimental embryology studies relied on morphological 
and histological features to assess the AP characteristics 
of the neural structures. The analyses were therefore per- 
formed long after the initial AP patterning event occurred. 
A high degree of expertise was required to distinguish struc- 
tural differences in the neural and the associated tissues, 
especially since the induced structures were often disorga- 
nized. To overcome these issues, tissues from different spe- 
cies were used, and inductive experiments were conducted 
in explants and implants. These experimental limitations 
restricted further precision and quantitative understanding 
of the mechanisms controlling AP neural patterning. 

The application of molecular biological techniques to 
embryological studies from the 1980s greatly facilitated 
investigation of developmental principles on all fronts, 
including issues concerning AP specification. By then, Xenopus 
laevis had become the most widely used amphibian model 
(Gurdon and Hopwood, 2000). Xenopus not only possesses 
all the advantages of the other amphibian species, such as 
accessibility to microsurgery, but also the adult Xenopus 
frogs are responsive to gonadotrophin hormone so that they 
can be induced to spawn throughout the year. The number 
of eggs can range from hundreds to thousands from a single 
female in a day, and the rate of embryonic development is 
rapid, with the embryos reaching the tadpole stage in three 
to four days. Molecular studies were thus implemented 
heavily in this species, and enormous progress was made on 
the molecular control of embryonic patterning in a relatively 
short time. 

One important aspect that aided molecular analyses of 
AP neural induction was the cloning of molecular markers 
that not only revealed neural identity but also distinguished 
anterior from posterior neural tissues. Gene expression that 
specifically marked cement gland, forebrain, midbrain, 
hindbrain, and spinal cord made it possible to uncover events 
involved in early AP neural patterning prior to tissue differ- 
entiation and formation of specific structures (Blitz and Cho, 
1995; Bradley et al., 1993; Brivanlou and Harland, 1989; 
Papalopulu et al., 199la; Saha and Grainger, 1992; Sharpe 
et al., 1987; Sharpe and Gurdon, 1990; Sive et al., 1989). 
Using these markers, some of the classical experiments per- 
formed in other amphibian species were re-examined using 
Xenopus. Examples include the discovery of regional differ- 
ences of the organizer (dorsal lip) that had distinct ability to 
induce different AP neural markers (Stewart and Gerhart, 
1990; Vodicka and Gerhart, 1995; Zoltewicz and Gerhart, 
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1997), progressive conversion of anterior to more posterior 
cell fates in the nascent neural plate underlaid by post-invo- 
luted mesoderm (Sive et al., 1989), and regional differences 
in dorsal mesoderm in inducing AP neural markers at gas- 
trula and neurula stages (Sharpe and Gurdon, 1990). These 
position-specific markers also allowed examination of dif- 
ferent signaling pathways that control AP neural patterning. 
Several pathways have been identified that have the ability 
to convert anterior to more posterior neural tissues, with 
their antagonists expressed in the anterior region to promote 
development of the anterior structures. 


5.3.1. Retinoic ACID SIGNALING 


Retinoic acid (RA) was known for its teratogenic effects on 
mammals and could induce limb defects and microcephaly 
(Conlon, 1995). The impact of RA on head reduction was 
particularly intriguing and enticed several groups to inves- 
tigate its action on nervous system development. Using 
exogenously supplied RA on whole embryos, early neural 
explants, or conjugates of competent ectoderm with dorsal 
mesoderm, it was demonstrated that RA reduced expression 
of genes characteristic of anterior structures, such as cement 
gland, olfactory pits, eyes, forebrain, and midbrain, and 
increased expression or anteriorly shifted the expression of 
posterior neural genes (Durston et al., 1989; Lloret-Vilaspasa 
et al., 2010; Papalopulu et al., 1991b; Ruiz i Altaba and 
Jessell, 1991b; Sive et al., 1990). The response to RA peaked 
at gastrula and gradually diminished during early neurula 
stages. RA not only affected general AP neural patterning 
but also influenced the differentiation of neurons at different 
AP positions (Papalopulu and Kintner, 1996). Measurement 
of endogenous RA in Xenopus embryos using HPLC or an 
RA-responsive reporter construct indicated that RA was 
present at gastrula and neurula stages when neural tissues 
were patterned along the AP axis, and a posterior-to-anterior 
concentration gradient of RA existed at early neurula stages 
(Chen et al., 1994; Durston et al., 1989; Yelin et al., 2005). 
RA did not seem to affect neural induction but could trans- 
form anterior to more posterior neural tissues. Mesodermal 
tissues could be altered similarly to express more posterior 
characters (Ruiz i Altaba and Jessell, 1991a). These results 
supported the notion that RA might potentially function as 
a posteriorizing factor in the “activation-transformation” 
model proposed by Nieuwkoop. 

To complement the gain-of-function experiments apply- 
ing ectopic RA, loss-of-function studies were performed 
using dominantly interfering receptor constructs for the RA 
receptors, RAR or RXR, both of which act as RA-dependent 
transcription activators. In addition to using explant experi- 
ments, dominant-negative (DN) receptors were often intro- 
duced into one side of the early Xenopus embryos so that 
the expression of a battery of AP neural markers could be 
compared with that on the control, uninjected side in the 
same embryo. These studies confirmed that blocking RA 
signaling directly impacted the level and/or the AP posi- 
tion of the region-specific neural markers (Blumberg et al., 
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1997; Koide et al., 2001; Kolm et al., 1997; van der Wees et 
al., 1998). The hindbrain, but not the forebrain or posterior 
spinal cord, was particularly sensitive to manipulated RA 
signaling levels (Godsave et al., 1998; Kolm et al., 1997; 
van der Wees et al., 1998). However, the interpretation of 
the results might be complicated by the discovery that the 
unliganded RA receptors were not inactive but could bind 
to their targets and recruit co-repressors to act as a tran- 
scription repressor in the absence of RA (Koide et al., 2001; 
Weston et al., 2003). Examination of the distribution of RAR 
and RXR receptors (Ellinger-Ziegelbauer and Dreyer, 1991; 
Pfeffer and De Robertis, 1994) revealed that they were not 
only expressed in the posterior mesodermal and neural cells 
but also in the anterior mesendoderm (RARy) or posterior 
to the hindbrain regions (RXRa). Thus, the pattern of RA 
receptor distribution was consistent with its role in regulat- 
ing hindbrain development and posterior patterning. 

The level of available RA in cells is controlled by mul- 
tiple enzymes and RA binding proteins that influence the 
synthesis, degradation, and activity of RA. Several of the 
RA biogenesis enzymes, such as Aldhla2/Raldh2, Rdh10, 
Sdrl6C5/Rdhe2, and Cyp26cl, were analyzed for their func- 
tions in AP neural specification. Consistent with the studies 
manipulating RA or RA receptor activities, increased levels 
of aldhla2/raldh2, rdh10, or sdrl6c5/rdhe2, which promote 
RA biosynthesis, caused posteriorization of neural domains 
(Belyaeva et al., 2012; Chen et al., 2001; Strate et al., 2009). 
In contrast, increased levels of cyp26c1, which is involved 
in RA neutralization, anteriorized hindbrain and rescued 
defects induced by RA (Hollemann et al., 1998; Tanibe et 
al., 2008). aldhla2/raldh2 and cyp26c1 are expressed in 
non-overlapping domains in Xenopus gastrula- and neurula- 
stage embryos and have antagonistic functions in regulating 
AP neural gene expression. In addition, ectopic expression 
of a cellular retinoic acid binding protein (Crabp2) induced 
embryonic AP defects and enhanced expression posterior 
hox genes, an effect similar to providing exogenous RA 
(Dekker et al., 1994). Taken together, the data strongly sup- 
port a role of RA signaling in transforming anterior to more 
posterior neural tissues of Xenopus embryos, especially in 
the hindbrain region. 


5.3.2. FIBROBLAST GROWTH FACTOR SIGNALING 


Interest in fibroblast growth factor (FGF) signaling in 
early Xenopus development was stimulated in the late 
1980s by the discovery that FGF could induce mesoderm 
formation in naive ectodermal explants, referred to as ani- 
mal caps (Kimelman et al., 1988; Slack et al., 1989, 1987, 
1988). Molecular cloning of mammalian FGF homologs in 
Xenopus revealed that various FGF ligands and their recep- 
tors were expressed in early embryos. Jn situ hybridization 
on embryonic sections or whole embryos showed that the 
mRNAs encoding many FGF ligands, including fef4/efef, 
fef3/int-2, and fef8, were expressed in the marginal region 
above the blastopore at the gastrula stages and had dynamic 
distribution patterns including a posterior domain during 
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neurula and tailbud stages (Christen and Slack, 1997; Isaacs 
et al., 1995, 1992; Lea et al., 2009; Lombardo et al., 1998; 
Tannahill et al., 1992). The seemingly graded expression of 
the FGF ligands and one of the FGF receptors, fefr! (Friesel 
and Dawid, 1991; Golub et al., 2000; Lea et al., 2009), in the 
posterior region of late gastrula- and neurula-stage embryos 
was particularly interesting, as it implied a function of FGF 
signaling in posterior development. 

A role of the FGF pathway in forming posterior struc- 
tures was supported directly by both gain- and loss-of- 
function studies. Ectopic expression of FGF ligands, such 
as fef3, feft/efef, fef8, or fef9 caused head reduction in the 
manipulated tadpoles (Christen and Slack, 1997; Lombardo 
et al., 1998; Pownall et al., 1996; Song and Slack, 1996), 
whereas expression of a dominant negative FGF receptor 1 
(DN-Fgfrl or XFD) led to trunk and tail truncation (Amaya 
et al., 1991; Godsave and Durston, 1997). As FGF was 
shown to regulate both mesodermal formation and posterior 
development, the direct posteriorization activity of FGF sig- 
naling was tested using explants. Neuralized animal caps or 
explants from anterior neural plate cultured with FGF could 
express hindbrain (egr2/krox20) and spinal cord (hoxb9) 
markers, whereas control explants lacked expression of these 
posterior neural genes (Cox and Hemmati-Brivanlou, 1995; 
Fletcher et al., 2006). The induction of posterior neural gene 
expression occurred in the absence of mesodermal mark- 
ers, suggesting that FGF signaling could transform anterior 
into posterior neural tissues, supporting the transformation 
or caudalization hypothesis. When XFD or DN-Ras was 
expressed in neuralized animal caps treated with Fgf2/ 
bFGF or conjugated with dorsal mesoderm, posterior, but 
not anterior, neural marker expression was blocked (Cox 
and Hemmati-Brivanlou, 1995; Holowacz and Sokol, 1999; 
Ribisi et al., 2000). 

Although the experiments described above point to a cru- 
cial role of FGF signaling in caudalization of the nervous 
system, interpretation of the results may be complicated by 
several issues. One issue, as mentioned, is that FGF signal- 
ing is involved in both mesodermal induction and posterior 
neural development. It can be debated whether impair- 
ment of posterior structures when the pathway is inhibited 
in vivo is due to the activities of FGF on early mesoderm 
induction and not subsequent patterning of the neural tis- 
sue. Several approaches were used to demonstrate that FGF 
could caudalize neural tissues directly. The explant experi- 
ments described before took advantage of the ease of provid- 
ing the Fgf2/bFGF protein at the desired temporal points of 
development and demonstrated that FGF signaling at gas- 
trula to early neurula stages could induce posterior neural 
genes without concurrent induction of mesodermal markers 
(Cox and Hemmati-Brivanlou, 1995; Fletcher et al., 2006). 
FGF-soaked beads were also used for implantation into the 
neural plate directly, hence avoiding an early effect of stimu- 
lating FGF signaling (Lombardo and Slack, 1998; Pownall 
et al., 1996). In addition, a synthetic Fgfrl receptor that can 
be activated by a dimerizing agent but not FGF ligands was 
used in embryos to induce FGF signaling with the drug at 
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different time points. Stimulation of FGF signaling during 
mid-gastrulation could still lead to induction of posterior 
markers (Pownall et al., 2003). Furthermore, transgenic 
approaches have been used to block FGF signaling during 
gastrulation and neurulation, with the results supporting a 
function of FGF in posterior development (Pownall et al., 
1998). A spliced isoform of fgf8, fgf8a, was further found 
to have minimal mesodermal inducing ability but was fully 
active in inducing posterior neural markers. Knockdown of 
this isoform did not affect mesodermal marker expression 
at gastrula stages but reduced expression of posterior neural 
genes in neurula stage embryos (Christen and Slack, 1997; 
Fletcher et al., 2006). Taken together, the data demonstrate 
that FGF signaling can act at two temporal phases to induce 
mesoderm and posteriorize neural tissues, respectively. 

Another issue concerning FGF as a caudalizing factor is 
that while XFD blocked posterior hox neural gene induc- 
tion by FGF in explants neuralized with BMP inhibitors, it 
had variable effects in preventing the induction of these hox 
genes in animal caps conjugated with the wild-type orga- 
nizer (Curran and Grainger, 2000; Holowacz and Sokol, 
1999). This implied that redundant endogenous signals could 
operate in the absence of FGF to posteriorize neural tissues. 
As we now know, other signals indeed work in parallel and 
cooperate with FGF to caudalize neural tissues. 

A perhaps more serious issue is centered around whether 
FGF can directly induce posterior neural markers. Based 
on the model proposed by Mangold, there should be sep- 
arate inducers for anterior and posterior neural tissues 
(Doniach, 1993; Mangold, 1933; Slack and Tannahill, 
1992). However, if the activation-transformation model 
proposed by Nieuwkoop is in operation, the transforming 
agent cannot activate the neural program alone and should 
only change the characteristics of the neural tissues already 
induced by an activator present along the entire AP axis 
(Nieuwkoop, 1952a, 1952b, 1952c). Several groups reported 
that FGF induced both pan-neural markers and posterior 
neural genes in animal cap explants in the absence of meso- 
derm (Kengaku and Okamoto, 1995; Lamb and Harland, 
1995). However, these studies seemed to have used explants 
that were either dissociated or kept partially open by a low 
calcium medium prior to the treatment with FGF. It is well 
documented that explants raised under these conditions 
experience decreased BMP signaling (Grunz and Tacke, 
1989; Sato and Sargent, 1989). Therefore, these explants 
might have already been primed toward a neural state, 
which could then be changed into the posterior neural char- 
acters by FGF. Loss-of-function experiments using XFD/ 
DN-Fefrl or DN-Ras revealed that it did not block pan- 
neural markers, but another DN FGF receptor, DN-Fgfr4a, 
was shown to reduce neural induction by organizer or cell 
dissociation (Holowacz and Sokol, 1999; Hongo et al., 
1999; Ribisi et al., 2000). The data imply that distinct FGF 
ligands and receptors may be involved in neural induction 
or maintenance in particular embryonic regions, whereas 
other FGF ligand/receptor pairs may play more crucial 
roles in neural caudalization. 
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The idea that the FGF pathway does not simply act as a 
graded posteriorizing signal is also suggested by the obser- 
vation that interference of the pathway not only led to pos- 
terior truncation but also induced specific defects in sensory 
organs and/or head organization. The malformation was 
consistent with the expression patterns of FGF ligands and 
receptors, with many of them found in specific domains in 
the head regions from neurula stages onward (Lea et al., 
2009). Hence, although FGF signaling is essential for poste- 
rior development, the specific ligand and receptor complexes 
expressed in different spatial positions and different devel- 
opmental times influence the outcome of experiments that 
address AP neural specification. 


5.3.3. WNT/fB-CATENIN SIGNALING PATHWAY 


The intensive exploration of growth factor signaling in 
early vertebrate development before the turn of the 21st 
century revealed that Wnt/B-Catenin signaling pathway was 
crucial for dorsal cell fate determination and could induce 
a secondary axis when activated in the ventral tissues of 
cleavage-stage embryos (Christian et al., 1991; McMahon 
and Moon, 1989; Smith and Harland, 1991; Sokol et al., 
1991). Interestingly, it was reported that the opposite effects 
on embryonic development could be obtained depending on 
the timing of Wnt signal stimulation. Ectopic expression of 
Wnt/B-Catenin pathway components from mRNAs, which 
could be translated into proteins soon after injection, led to 
a dorsalized phenotype, whereas expression of the same sig- 
naling components from plasmids, which were transcribed 
and translated after the mid-blastula transition (MBT), 
resulted in head truncation (Christian et al., 1991; Christian 
and Moon, 1993; Darken and Wilson, 2001; Fredieu et 
al., 1997). These data pointed to the distinct functions of 
Wnt signaling during embryogenesis, with an early phase 
involved in dorsal-ventral patterning and a late phase in 
head suppression. A role of Wnt signaling in AP pattern- 
ing was further supported both by expression patterns of 
Wnt pathway components and by functional manipulation 
of Wnt signaling levels. Ectopic expression, knockdown, or 
dominantly interfering approaches in post-MBT embryos or 
in neuralized animal caps and neural plate explants showed 
that changing the levels or the activities of Wnt ligands, sig- 
nal transducers (e.g. Dishevelled), or nuclear transcription 
factors (e.g. B-catenin) all led to alterations in AP neural 
marker expression or defects in head or trunk structures 
(Darken and Wilson, 2001; Domingos et al., 2001; Fredieu 
et al., 1997; Itoh and Sokol, 1997; McGrew et al., 1997; 
McGrew et al., 1995; Wheeler et al., 2000). These results 
suggest that, similarly to RA and FGF signals, the Wnt/B- 
Catenin pathway can act as a transforming factor to specify 
posterior neural development. 


5.3.3.1. Wnt Pathway in Head Formation 


Though AP patterning of the neural tissues is often at the 
center of the investigation, key insights about Wnt/B-Catenin 
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signaling in AP patterning of the whole embryo, which 
includes mesendodermal tissues, came from studies of orga- 
nizer-enriched molecules, including the secreted factors 
Cerberus and the Frizzled-like gene Frzb-1 (Bouwmeester et 
al., 1996; Leyns et al., 1997). Their expression domains were 
complementary to that of zygotic wnt8a, and both genes, 
cerl and frzbl, were shown to promote head formation 
in Xenopus embryos. While Frzb-1 was demonstrated to 
inhibit Wnt/B-Catenin signaling by direct binding to the 
ligands (Leyns et al., 1997; Lin et al., 1997), the action of 
Cerberus initially was unclear. The breakthrough came 
when it was discovered that induction of a complete second- 
ary axis on the ventral side required not only inhibition of 
BMP signaling but also simultaneous inhibition of the Wnt 
pathway. BMP inhibitors induced only a secondary trunk, 
whereas inhibition of both BMP and Wnt signals produced 
a secondary axis with both the head and the trunk (Glinka 
et al., 1997). Functional cDNA expression library screening 
for endogenous molecules to synergize with BMP inhibitors 
to induce a complete secondary axis identified Dickkopf 
(Dkk1), a secreted molecule that was required for head for- 
mation during Xenopus development (Glinka et al., 1998). 
Dkk1 turned out to be a Wnt inhibitor via binding to the 
Wnt co-receptor Lrp5/Lrp6 to prevent Wnt signaling (Mao 
et al., 2001; Semenov et al., 2001; Yamamoto et al., 2008). 
Further investigations demonstrated that Cerberus also 
inhibited both Wnt and BMP signals by direct binding to 
ligands of both families to promote head formation (Glinka 
et al., 1997; Piccolo et al., 1999; Silva et al., 2003). This 
series of studies helped revise our understanding on how AP 
patterning is achieved. Instead of the two-signal model of an 
activator and a transformer in neural AP patterning, signal 
antagonists are required to actively repress posteriorizing 
influence of the Wnt signal to ensure the normal develop- 
ment of anterior structures. In these cases, the Wnt antago- 
nists may regulate anterior mesendoderm as well as neural 
tissues, hence complicating the interpretation of whether the 
antagonists act directly to influence AP neural patterning. 
Once it was known that inhibition of Wnt signaling is 
crucial for head development, the assays for genes to either 
directly regulate head formation or to cooperate with BMP 
inhibitors to induce a complete secondary axis were used 
to identify other molecules that may regulate Wnt signal 
transduction. The expression and the endogenous functions 
of these molecules in head-trunk formation in Xenopus 
embryos were then analyzed. These studies revealed a sur- 
prisingly large number of regulators of Wnt signaling that 
have relevant expression domains for patterning the AP 
axis of the embryo and act to modulate Wnt signaling to 
affect head or trunk formation. Moreover, novel regulatory 
mechanisms were uncovered that show how the array of the 
new genes modulate Wnt/P-Catenin signaling at different 
subcellular levels. For example, the type I transmembrane 
receptors Kremenl and 2 were shown to bind to Dkk! and 
Lrp5/6 to form a ternary complex that enhances endocyto- 
sis and removal of Lrp5/6 from the plasma membrane to 
inhibit Wnt signaling (Davidson et al., 2002; Mao et al., 
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2002). Knockdown of Kremenl/2 leads to head truncation. 
Interestingly, in the absence of Dkk1, Kremen2 associates 
with Lrp6 to enhance Wnt/B-Catenin signaling (Hassler et 
al., 2007). Kremen therefore seems to modulate Wnt sig- 
naling levels in a context- dependent manner to regulate early 
Xenopus development. Regulation of the Wnt receptors on 
the plasma membrane can also be achieved by other mol- 
ecules. The ER-localized protein Shisa is expressed in the 
organizer, can prevent maturation and surface expression 
of the Wnt receptor Frizzled, and functions to promote 
head formation in Xenopus embryos (Yamamoto et al., 
2005). The organizer-expressed protein tyrosine phosphatase 
receptor-type kappa (PTPRK) suppresses Wnt signaling by 
regulating surface levels of both Lrp6 and Frizzled via the 
transmembrane E3 ubiquitin ligase ZNRE3 to control head 
formation (Chang et al., 2020). The ER transmembrane pro- 
tein TMEM79 interacts with and inhibits the deubiquitinase, 
USP8, to facilitate degradation of Frizzled receptor (Chen 
et al., 2020). Bighead, a secreted organizer-specific protein, 
binds to Lrp6 to remove it from the cell surface. Gain- and 
loss-of-function assays reveal that Bighead is required for 
head formation (Ding et al., 2018). Besides the receptors, the 
availability of the Wnt ligands is modulated by a variety of 
factors. Tikil is a transmembrane protein that cleaves Wnt to 
promote oxidation and oligomerization of Wnt ligands and 
prevents them from binding to the Wnt receptors (Zhang et 
al., 2012). The secreted factor Notum is a Wnt deacylase and 
promotes deacylated Wnt ligands to form oxidized oligomers 
to prevent Wnt signaling (Zhang et al., 2015). Both Tikil and 
Notum are required for head formation, though they may 
act in different embryonic regions, with Tikil in the orga- 
nizer and Notum broadly in the ectoderm and weakly in the 
mesoderm. Cytoplasmic and nuclear signaling molecules of 
the Wnt pathway are also regulated by different factors that 
influence head-trunk development. The phosphatase Pgam5 
interacts with and dephosphorylates Dishevelled to prevent 
Wnt signaling (Rauschenberger et al., 2017). The GPCR pro- 
teins Flop] and 2 promote P-Catenin degradation (Miyagi 
et al., 2015). March2, a membrane-associated E3 ubiquitin 
ligase, promotes degradation of Dishevelled via the adaptor 
protein Dapper to regulate head formation (Lee et al., 2018). 
Idax, a Dvl binding protein, prevents interaction between 
Dvl and Axin to inhibit the pathway (Michiue et al., 2004). 
NF2/Merlin, a FERM-domain containing protein, also 
inhibits Wnt signaling upstream of B-Catenin (Zhu et al., 
2015). Custos binds to and controls cytoplasmic to nuclear 
shuttling of B-Catenin to inhibit Wnt signaling (Komiya 
et al., 2014). The studies of head-trunk formation in Xenopus 
therefore prove a fruitful ground for exciting discoveries of 
novel Wnt regulators and detailed mechanisms of Wnt regu- 
lation in development. 


5.3.4. MULTIPLE PATHWAYS AND SIGNAL INTEGRATION 


Although RA, FGF, and Wnt are the main signals being 
investigated in depth for their roles in AP patterning of the 
neural plate and the body axis, other signals also regulate 
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AP axis formation. Both the Nodal and the BMP branches 
of the TGF-B pathway have been shown to modulate AP pat- 
terning (Piccolo et al., 1999; Polevoy et al., 2019). Ectopic 
stimulation of Nodal or BMP signaling leads to head trun- 
cation of Xenopus embryos, whereas Cerberus inhibits 
both Nodal and BMP in addition to Wnt. Crescent, another 
organizer-specific secreted factor, belongs to the soluble 
Frizzled-related protein (sFRP) family and also regulates 
both Wnt and BMP signals (Pera and De Robertis, 2000; 
Ploper et al., 2011; Shibata et al., 2005; Shibata et al., 2000). 
The Nodal-like ligand Derriere is also involved in posterior 
development. Derriere is expressed in the marginal zone 
with high dorsal levels during gastrulation and is detected 
subsequently in the posterior region of neurula embryos. 
Ectopic expression of Derriere leads to the reduction of head 
structures (Sun et al., 1999). In addition, insulin-like growth 
factor (IGF) signaling regulates head formation via inhibi- 
tion of the Wnt pathway (Richard-Parpaillon et al., 2002). 
Therefore, many pathways participate in controlling AP pat- 
terning during Xenopus embryogenesis. 

As expected, the signals do not work independently and 
often cooperate with each other. Activation of posterior 
markers in neuralized animal caps or embryos exhibits a 
degree of co-dependence between the Wnt, RA, and FGF 
signaling pathways so that in the absence of one, the induc- 
tion of hindbrain or spinal cord markers by another signal is 
often compromised (Domingos et al., 2001; McGrew et al., 
1997; Roche et al., 2009; Shiotsugu et al., 2004). Redundancy 
of multiple signals in vivo may make detection of signal 
cooperation more complex in whole embryos. Quite often 
a regulatory protein for AP patterning can simultaneously 
modulate different pathways: Cerberus antagonizes Nodal, 
BMP, and Wnt signals (Piccolo et al., 1999), and Crescent 
regulates Wnt as well as BMP pathways (Ploper et al., 2011). 
The transmembrane protein Shisa controls maturation and 
cell surface localization of both FGFR and Frizzled recep- 
tors (Yamamoto et al., 2005). Cytoplasmic kinases and 
phosphatases can also modulate phosphorylation of an array 
of proteins involved in distinct signaling pathways. On the 
other hand, closely related protein members of the same fam- 
ily can have different regulatory activities for distinct path- 
ways. Examples include Noggin 4, which blocks Wnt instead 
of BMP signaling (Eroshkin et al., 2016); Noggin 2, which 
inhibits Nodal and Wnt in addition to BMP (Bayramov et 
al., 2011); and Dkk3, which regulates TGF-B and FGF path- 
ways instead of Wnt pathways (Pinho and Niehrs, 2007). 

In addition to direct interaction of components of differ- 
ent pathways, crosstalk between signals can happen at the 
transcription level. Expression of Fgfrl and Fgfr4 depends 
on RA signaling (Shiotsugu et al., 2004), whereas Wnt3a 
activates transcription of FGF3 and FGF8 via the transcrip- 
tion factor Meis3 (Gutkovich et al., 2010), and FGF and Wnt 
ligands can be co-regulated by the same transcription fac- 
tors involved in AP patterning (e.g. Tbx6 activates expres- 
sion of fgf8 and wntSa, whereas JunB stimulates expression 
of both fgf3 and wnt8a (Lou et al., 2006; Yoshida et al., 
2016). Distinct signals can also converge directly in the 
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gene regulatory networks that control expression of cau- 
dalizing factors. DNA binding motifs for Ets and TCF, the 
transcription factors downstream of FGF and Wnt signals, 
respectively, are both present and often positioned in close 
proximity in the regulatory region of cdx4 and cdx1, encod- 
ing caudal-like homeodomain proteins involved in posterior 
development (Haremaki et al., 2003; Isaacs et al., 1998; 
Kjolby and Harland, 2017; Kjolby et al., 2019). FGF, Wnt, 
and RA have all be shown to regulate hox gene expression 
(Dekker et al., 1992; Durston, 2019; In der Rieden et al., 
2010; Janssens et al., 2010) and may potentially cooperate 
at the regulatory regions of the hox genes via binding by 
respective effector transcription factors of these signals, 
although the exact mechanisms of regulatory input have not 
been investigated in detail for all the signals. 

Control of AP patterning by multiple pathways begs the 
questions whether all signals function similarly and the 
redundancy simply exists to ensure robustness of the pattern- 
ing system, or different signals have non-overlapping activi- 
ties to influence specific aspects of AP development. Most 
of the molecular studies on AP neural formation focused 
on a limited set of markers, hence restricting a distinction 
between the different effects by various signals. Conclusions 
drawn from explant assays are frequently considered to 
equate to those using whole embryos, but the expression 
levels of the markers are often analyzed in explants and 
the positions of the marker domains assessed in manipu- 
lated embryos. Results from explant and embryo studies are 
therefore not always congruent, especially in the spinal cord 
region. For example, although posterior hox genes can be 
blocked efficiently by functional reduction of a caudalizing 
factor in explants, the expression domains of the same hox 
genes can remain the same in manipulated embryos (Curran 
and Grainger, 2000). The embryonic regions most sensitive 
to altered signaling levels are in the fore-, mid- and hind- 
brain, with their respective markers shifting anteriorly or 
posteriorly relative to the control side when the signal lev- 
els are modified. The comparative insensitivity of the spinal 
cord to signal manipulation may reflect functional redun- 
dancy of multiple signals, but it can also indicate that the 
signals have limited AP patterning capacity in the trunk 
region of the embryos. Simultaneous modulation of several 
pathways may help to resolve the issue. 


5.4. SYNTHESIS OF THE CLASSICAL 
AND MODERN STUDIES AND 
SOME UNRESOLVED ISSUES 


Classical experimental embryologists used microsurgery, 
explant, or transplant studies to address several crucial 
questions concerning AP embryonic patterning in amphib- 
lans. What regions of early embryonic tissues give rise to 
anterior or posterior structures at later stages? When do the 
tissues acquire AP characteristics? How can naive tissues 
be specified along a particular developmental path; can this 
developmental trajectory be altered; and, if so, how? How 
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do tissue interactions between mesendoderm and ectoderm 
or neural and ectoderm influence AP neural specification? 
What is the physicochemical nature of the inducers that 
control AP development? Does the induction always occur 
between tissues of different germ layers (vertical induc- 
tion), or can it happen within cells of the same germ layer 
(planar or homeogenetic induction)? How many signals are 
employed to provide positional information along the AP 
axis? Once molecular biology emerged on the scene, mod- 
ern developmental biologists took advantage of molecular 
tools to identify, monitor the expression of, and manipu- 
late genes in Xenopus to tackle these same key questions 
at the molecular levels. What signals can affect expression 
patterns of AP markers in explants or embryos? When are 
the signals required? How many signals work in parallel or 
sequentially? What is the regulatory function of each sig- 
nal for AP development? Discoveries made using molecular 
approaches helped to provide explanations to some of the 
classical questions and lent support to or refuted the models 
put forward decades ago. 

One main question that occupied the attention of both 
experimental and molecular biologists is how AP neural 
patterning is executed by post-involuted mesendoderm as 
it advances toward the future anterior end of the embryo 
during gastrulation. Based on tissue explant and transplant 
experiments, distinct models were proposed that favored 
either the presence of multiple inducers along the AP 
axis or the existence of two main signals with a universal 
inducer of anterior neural character and a separate graded 
transformer responsible for posterior neural development 
(Figure 5.1) (Mangold, 1933; Nieuwkoop, 1952a, 1952b, 
1952c). The evaluation of the two models in the modern 
era was facilitated by the identification of organizer-local- 
ized secreted BMP inhibitors as direct neural inducers. All 
these inducers, including Noggin, Chordin, and Follistatin, 
which are expressed in midline dorsal mesoderm along 
the entire notochord during neurulation, can only induce 
anterior neural markers in animal cap explants (Hemmati- 
Brivanlou et al., 1994; Lamb et al., 1993; Sasai et al., 1995, 
1994; Smith and Harland, 1992). When combined with acti- 
vation of the signaling pathways discussed previously, pos- 
terior neural genes can be expressed as well. These results, 
together with gain- and loss-of-function studies in vivo, 
accelerated the acceptance of the activation-transformation 
model of AP specification by the field. However, the story 
seems to be more complex than expected. FGF signaling 
has been implicated in inducing posterior neural mark- 
ers directly without any “activators,” but only particular 
pairs of FGF ligands (Fgf8a) and receptors (Fgfr4) may be 
involved in direct induction. This implies that the multiple- 
inducer model of Mangold may be compatible with some 
results. In addition, as discussed previously, interference 
of caudalizing signals often impairs expression of markers 
in the hindbrain, with less effect on markers of the spinal 
cord. It is possible that these results reflect redundancy of 
signals in the trunk, but it is also conceivable that distinct 
ratios of various active signals at different AP positions 
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serve to divide the neural plate into separate signaling 
zones, with each specifying a particular AP cell fate. This 
would be a hybrid paradigm between the multi-inducer 
and activation-transformation models in that instead of the 
presence of multiple position-specific inducers, a universal 
neural inducer works within multiple transformation zones 
to specify AP neural tissues. Combinations of varying gra- 
dients of growth factor signals would define the zones and 
encode AP positional information. The dynamic expres- 
sion patterns of signaling molecules and the presence 
of a myriad of inhibitors for all three major caudalizing 
pathways are consistent with this model. One additional 
consideration is the timing of AP specification. Some con- 
clusions from the classical experiments were based on the 
studies using neurula-stage embryos when the AP axis had 
already been well laid out. The signals at these stages are 
not exactly the same as those at mid- to late gastrula stages 
when AP tissues are being specified. Dynamic temporal 
expression of signaling molecules is often observed during 
Xenopus embryogenesis so that neurula stage signals may 
play more important roles in maintenance or elaboration of 
posterior tissue development rather than inducing AP char- 
acteristics. Stage-specific manipulations of gene functions 
and dynamic temporal analyses of marker expression are 
both required to address this issue. 

While molecular biological studies have contributed novel 
insights and proposed detailed mechanisms concerning AP 
patterning, several issues remain unresolved. The patterned 
expression of signaling molecules and their modulators in 
distinct domains of the Spemann organizer precedes future 
AP specification. However, little is known about molecular 
circuitry controlling organizer subdivision. The competence 
of neuralized animal caps or neural plate explants to respond 
to caudalizing signals is lost during mid-neurulation, yet the 
molecular machinery responsible for this loss is not under- 
stood. The activation-transformation model proposed by 
Nieuwkoop may operate via gradient distribution of a sub- 
stance with an apex level at the posterior end or different 
durations that competent ectoderm is exposed to a constant 
transforming agent at different AP positions. Most molecu- 
lar studies so far tend to focus on the chemical gradients, 
but the temporal gradient of signal exposure has not been 
investigated in depth. Though multiple signals are known 
to specify posterior tissues, how the signals are transduced 
and converge to control downstream target gene expres- 
sion has only been explored slightly. Several transcription 
factors, such as Cdx members, Meis1/3, and Hox proteins, 
are required for hindbrain or posterior neural development 
(Dibner et al., 2001, 2004; Elkouby et al., 2010; Epstein et 
al., 1997; Faas and Isaacs, 2009; Gutkovich et al., 2010; 
Pillemer et al., 1998; Schyr et al., 2012). The bidirectional 
interplay between these transcription factors and the caudal- 
izing signals is not understood in detail. The eventual devel- 
opment of AP neural tissues requires not only instructions 
from the underlying mesoderm but also further refinement 
within the neural plate via self-organization. This process 
is not well appreciated at the molecular level. Most of the 
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work so far centers on AP patterning of the neural tissues, 
with only limited studies on AP specification of mesoder- 
mal and endodermal tissues (Deimling and Drysdale, 2009, 
2011; McLin et al., 2007; Rankin et al., 2018). AP pattern- 
ing not only involves cell fates but also morphogenesis, 
with posterior tissues undergoing elongation. How caudal- 
izing signals modulate expression or activity of regulators 
of cell behaviors is largely unclear (Janesick et al., 2014). 
These issues await further examination. With microsurgery, 
molecular biology, and genomic tools at hand, we expect to 
obtain a more detailed picture and deeper understanding of 
AP embryonic patterning in the future. 


ACKNOWLEDGMENTS 


This work is supported by NIH grants RO1GM127371 and 
R01HD102015. I apologize to the investigators whose works 
are not cited here due to the space limitation. 


REFERENCES 


Amaya, E., T.J. Musci, and M.W. Kirschner. 1991. Expression of a 
dominant negative mutant of the FGF receptor disrupts meso- 
derm formation in Xenopus embryos. Cell. 66:257-270. 

Bayramov, A.V., F.M. Eroshkin, N.Y. Martynova, G.V. Ermakova, 
E.A. Solovieva, and A.G. Zaraisky. 2011. Novel functions of 
Noggin proteins: Inhibition of Activin/Nodal and Wnt signal- 
ing. Development. 138:5345-5356. 

Belyaeva, O.V., S.A. Lee, M.K. Adams, C. Chang, and N.Y. 
Kedishvili. 2012. Short chain dehydrogenase/reductase rdhe2 
is a novel retinol dehydrogenase essential for frog embryonic 
development. J Biol Chem. 287:9061-9071. 

Blitz, LL., and K.W. Cho. 1995. Anterior neurectoderm is progres- 
sively induced during gastrulation: The role of the Xenopus 
homeobox gene orthodenticle. Development. 121:993-1004. 

Blumberg, B., J. Bolado, Jr., T.A. Moreno, C. Kintner, R.M. Evans, 
and N. Papalopulu. 1997. An essential role for retinoid sig- 
naling in anteroposterior neural patterning. Development. 
124:373-379. 

Bouwmeester, T., S. Kim, Y. Sasai, B. Lu, and E.M. De Robertis. 
1996. Cerberus is a head-inducing secreted factor expressed 
in the anterior endoderm of Spemann’s organizer. Nature. 
382:595-601. 

Bradley, L.C., A. Snape, S. Bhatt, and D.G. Wilkinson. 1993. The 
structure and expression of the Xenopus Krox-20 gene: 
Conserved and divergent patterns of expression in rhombo- 
meres and neural crest. Mech Dev. 40:73-84. 

Brivanlou, A.H., and R.M. Harland. 1989. Expression of an 
engrailed-related protein is induced in the anterior neu- 
ral ectoderm of early Xenopus embryos. Development. 
106:61 1-617. 

Chang, L.S., M. Kim, A. Glinka, C. Reinhard, and C. Niehrs. 2020. 
The tumor suppressor PTPRK promotes ZNRF3 internaliza- 
tion and is required for Wnt inhibition in the Spemann orga- 
nizer. Elife. 9. 

Chen, M., N. Amado, J. Tan, A. Reis, M. Ge, J.G. Abreu, and X. He. 
2020. TMEM79/MATTRIN defines a pathway for Frizzled 
regulation and is required for Xenopus embryogenesis. Elife. 9. 

Chen, Y., L. Huang, and M. Solursh. 1994. A concentration gradi- 
ent of retinoids in the early Xenopus laevis embryo. Dev Biol. 
161:70-76. 


Xenopus 


Chen, Y., N. Pollet, C. Niehrs, and T. Pieler. 2001. Increased 
XRALDH2 activity has a posteriorizing effect on the central 
nervous system of Xenopus embryos. Mech Dev. 101:91-103. 

Christen, B., and J.M. Slack. 1997. FGF-8 is associated with 
anteroposterior patterning and limb regeneration in Xenopus. 
Dev Biol. 192:455-466. 

Christian, J.L., J.A. McMahon, A.P. McMahon, and R.T. Moon. 
1991. Xwnt-8, a Xenopus Wnt-1/int-1-related gene respon- 
sive to mesoderm-inducing growth factors, may play a role 
in ventral mesodermal patterning during embryogenesis. 
Development. 111:1045-1055. 

Christian, J.L., and R.T. Moon. 1993, Interactions between Xwnt-8 
and Spemann organizer signaling pathways generate dor- 
soventral pattern in the embryonic mesoderm of Xenopus. 
Genes Dev. 7:13-28. 

Conlon, R.A. 1995. Retinoic acid and pattern formation in verte- 
brates. Trends Genet. 11:314-319. 

Cox, W.G., and A. Hemmati-Brivanlou. 1995. Caudalization of 
neural fate by tissue recombination and bFGF. Development. 
121:4349-4358. 

Curran, K.L., and R.M. Grainger. 2000. Expression of activated 
MAP kinase in Xenopus laevis embryos: Evaluating the roles 
of FGF and other signaling pathways in early induction and 
patterning. Dev Biol. 228:41-56. 

Darken, R.S., and P.A. Wilson. 2001. Axis induction by Wnt signal- 
ing: Target promoter responsiveness regulates competence. 
Dev Biol. 234:42-54. 

Davidson, G., B. Mao, I. del Barco Barrantes, and C. Niehrs. 2002. 
Kremen proteins interact with Dickkopf1 to regulate antero- 
posterior CNS patterning. Development. 129:5587-5596. 

Deimling, S.J., and T.A. Drysdale. 2009. Retinoic acid regulates 
anterior-posterior patterning within the lateral plate meso- 
derm of Xenopus. Mech Dev. 126:913-923. 

Deimling, S.J., and T.A. Drysdale. 2011. FGF is required to regu- 
late anterior-posterior patterning in the Xenopus lateral plate 
mesoderm. Mech Dev. 128:327-341. 

Dekker, E.J., M. Pannese, E. Houtzager, A. Timmermans, E. 
Boncinelli, and A. Durston. 1992. Xenopus Hox-2 genes 
are expressed sequentially after the onset of gastrula- 
tion and are differentially inducible by retinoic acid. Dev 
Suppl:195-202. 

Dekker, E.J., M.J. Vaessen, C. van den Berg, A. Timmermans, S. 
Godsave, T. Holling, P. Nieuwkoop, A. Geurts van Kessel, 
and A. Durston. 1994. Overexpression of a cellular reti- 
noic acid binding protein (xCRABP) causes anteroposte- 
rior defects in developing Xenopus embryos. Development. 
120:973-985. 

Dibner, C., S. Elias, and D. Frank. 2001. XMeis3 protein activity 
is required for proper hindbrain patterning in Xenopus laevis 
embryos. Development. 128:3415-3426. 

Dibner, C., S. Elias, R. Ofir, J. Souopgui, P.J. Kolm, H. Sive, T. 
Pieler, and D. Frank. 2004. The Meis3 protein and retinoid 
signaling interact to pattern the Xenopus hindbrain. Dev Biol. 
271:75-86. 

Ding, Y., G. Colozza, E.A. Sosa, Y. Moriyama, S. Rundle, L. 
Salwinski, and E.M. De Robertis. 2018. Bighead is a Wnt 
antagonist secreted by the Xenopus Spemann organizer 
that promotes Lrp6 endocytosis. Proc Natl Acad Sci U S A. 
115:E9135-E9144. 

Domingos, P.M., N. Itasaki, C.M. Jones, S. Mercurio, M.G. Sargent, 
J.C. Smith, and R. Krumlauf. 2001. The Wnt/beta-catenin 
pathway posteriorizes neural tissue in Xenopus by an indi- 
rect mechanism requiring FGF signalling. Dev Biol. 239: 
148-160. 


Signaling Pathways in AP Patterning 


Doniach, T. 1993. Planar and vertical induction of anteroposterior 
pattern during the development of the amphibian central ner- 
vous system. J. Neurobio. 24:1256-1275. 

Durston, A.J. 2019. What are the roles of retinoids, other morpho- 
gens, and Hox genes in setting up the vertebrate body axis? 
Genesis. 57:e23296. 

Durston, A.J., J.P. Timmermans, W.J. Hage, H.F. Hendriks, N.J. de 
Vries, M. Heideveld, and P.D. Nieuwkoop. 1989. Retinoic 
acid causes an anteroposterior transformation in the develop- 
ing central nervous system. Nature. 340:140-144. 

Elkouby, Y.M., S. Elias, E.S. Casey, S.A. Blythe, N. Tsabar, P.S. 
Klein, H. Root, K.J. Liu, and D. Frank. 2010. Mesodermal 
Wnt signaling organizes the neural plate via Meis3. 
Development. 137:1531-1541. 

Ellinger-Ziegelbauer, H., and C. Dreyer. 1991. A retinoic acid 
receptor expressed in the early development of Xenopus lae- 
vis. Genes Dev. 5:94-104. 

Epstein, M., G. Pillemer, R. Yelin, J.K. Yisraeli, and A. Fainsod. 
1997. Patterning of the embryo along the anterior-pos- 
terior axis: The role of the caudal genes. Development. 
124:3805-3814. 

Eroshkin, F.M., A.M. Nesterenko, A.V. Borodulin, N.Y. Martynova, 
G.V. Ermakova, F.K. Gyoeva, E.E. Orlov, A.A. Belogurov, 
K.A. Lukyanov, A.V. Bayramov, and A.G. Zaraisky. 2016. 
Noggin4 is a long-range inhibitor of Wnt8 signalling that 
regulates head development in Xenopus laevis. Sci Rep. 
6:23049. 

Eyal-Giladi, H. 1954. Dynamic aspects of neural induction in 
amphibia. Arch Biol (Liege). 65:179-259. 

Faas, L., and H.V. Isaacs. 2009. Overlapping functions of Cdx1, 
Cdx2, and Cdx4 in the development of the amphibian 
Xenopus tropicalis. Dev Dyn. 238:835-852. 

Fletcher, R.B., J.C. Baker, and R.M. Harland. 2006. FGF8 splice- 
forms mediate early mesoderm and posterior neural tissue 
formation in Xenopus. Development. 133:1703-1714. 

Fredieu, J.R., Y. Cui, D. Maier, M.V. Danilchik, and J.L. Christian. 
1997. Xwnt-8 and lithium can act upon either dorsal meso- 
dermal or neurectodermal cells to cause a loss of forebrain in 
Xenopus embryos. Dev Biol. 186:100-114. 

Friesel, R., and LB. Dawid. 1991. cDNA cloning and develop- 
mental expression of fibroblast growth factor receptors from 
Xenopus laevis. Mol Cell Biol. 11:2481-2488. 

Glinka, A., W. Wu, H. Delius, A.P. Monaghan, C. Blumenstock, 
and C. Niehrs. 1998. Dickkopf-1 is a member of a new fam- 
ily of secreted proteins and functions in head induction. 
Nature. 391:357-362. 

Glinka, A., W. Wu, D. Onichtchouk, C. Blumenstock, and C. 
Niehrs. 1997. Head induction by simultaneous repression of 
Bmp and Wnt signalling in Xenopus. Nature. 389:517-519. 

Godsave, S.F., and A.J. Durston. 1997. Neural induction and pat- 
terning in embryos deficient in FGF signaling. Int J Dev Biol. 
41:57-65. 

Godsave, S.F., C.H. Koster, A. Getahun, M. Mathu, M. Hooiveld, 
J. van der Wees, J. Hendriks, and A.J. Durston. 1998. Graded 
retinoid responses in the developing hindbrain. Dev Dyn. 
213:39-49, 

Golub, R., Z. Adelman, J. Clementi, R. Weiss, J. Bonasera, and 
M. Servetnick. 2000. Evolutionarily conserved and divergent 
expression of members of the FGF receptor family among 
vertebrate embryos, as revealed by FGFR expression patterns 
in Xenopus. Dev Genes Evol. 210:345-357. 

Grunz, H., and L. Tacke. 1989. Neural differentiation of Xenopus 
laevis ectoderm takes place after disaggregation and delayed 
reaggregation without inducer. Cell Differ Dev. 28:211-217. 


61 


Gurdon, J.B., and N. Hopwood. 2000. The introduction of Xenopus 
laevis into developmental biology: Of empire, pregnancy 
testing and ribosomal genes. Int J Dev Biol. 44:43-50. 

Gutkovich, Y.E., R. Ofir, Y.M. Elkouby, C. Dibner, A. Gefen, S. 
Elias, and D. Frank. 2010. Xenopus Meis3 protein lies at 
a nexus downstream to Zicl and Pax3 proteins, regulating 
multiple cell-fates during early nervous system development. 
Dev Biol. 338:50-62. 

Hamburger, V. 1988. The Heritage of Experimental Embryology: 
Hans Spemann and the Organizer. Oxford University Press, 
Oxford. 

Haremaki, T., Y. Tanaka, I. Hongo, M. Yuge, and H. Okamoto. 
2003. Integration of multiple signal transducing pathways 
on Fef response elements of the Xenopus caudal homologue 
Xcad3. Development. 130:4907-4917. 

Hassler, C., C.M. Cruciat, Y.L. Huang, S. Kuriyama, R. Mayor, and 
C. Niehrs. 2007. Kremen is required for neural crest induc- 
tion in Xenopus and promotes LRP6-mediated Wnt signal- 
ing. Development. 134:4255-4263. 

Hemmati-Brivanlou, A., O.G. Kelly, and D.A. Melton. 1994. 
Follistatin, an antagonist of activin, is expressed in the 
Spemann organizer and displays direct neuralizing activity. 
Cell. 77:283-295. 

Hollemann, T., Y. Chen, H. Grunz, and T. Pieler. 1998. Regionalized 
metabolic activity establishes boundaries of retinoic acid sig- 
nalling. EMBO J. 17:7361-7372. 

Holowacz, T., and S. Sokol. 1999. FGF is required for posterior 
neural patterning but not for neural induction. Dev Biol. 
205:296-308. 

Hongo, I., M. Kengaku, and H. Okamoto. 1999. FGF signaling 
and the anterior neural induction in Xenopus. Dev Biol. 
216:561-581. 

In der Rieden, P.M., F.L. Vilaspasa, and A.J. Durston. 2010. Xwnt8 
directly initiates expression of labial Hox genes. Dev Dyn. 
239:126-139. 

Isaacs, H.V., M.E. Pownall, and J.M. Slack. 1995. eFGF is 
expressed in the dorsal midline of Xenopus laevis. Int J Dev 
Biol. 39:575-579. 

Isaacs, H.V., M.E. Pownall, and J.M. Slack. 1998. Regulation 
of Hox gene expression and posterior development by the 
Xenopus caudal homologue Xcad3. EMBO J. 17:3413- 
3427. 

Isaacs, H.V., D. Tannahill, and J.M. Slack. 1992. Expression of a 
novel FGF in the Xenopus embryo: A new candidate induc- 
ing factor for mesoderm formation and anteroposterior speci- 
fication. Development. 114:711-720. 

Itoh, K., and S.Y. Sokol. 1997. Graded amounts of Xenopus dishev- 
elled specify discrete anteroposterior cell fates in prospective 
ectoderm. Mech Dev. 61:113-125. 

Janesick, A., T.T. Nguyen, K. Aisaki, K. Igarashi, S. Kitajima, R.A. 
Chandraratna, J. Kanno, and B. Blumberg. 2014. Active 
repression by RARgamma signaling is required for verte- 
brate axial elongation. Development. 141:2260-2270. 

Janssens, S., T. Denayer, T. Deroo, F. Van Roy, and K. Vleminckx. 
2010. Direct control of Hoxd1 and Irx3 expression by Wnt/ 
beta-catenin signaling during anteroposterior patterning of 
the neural axis in Xenopus. Int J Dev Biol. 54:1435-1442. 

Kengaku, M., and H. Okamoto. 1995. bFGF as a possible morpho- 
gen for the anteroposterior axis of the central nervous system 
in Xenopus. Development. 121:3121-3130. 

Kimelman, D., J.A. Abraham, T. Haaparanta, T.M. Palisi, and M.W. 
Kirschner. 1988. The presence of fibroblast growth factor in 
the frog egg: Its role as a natural mesoderm inducer. Science. 
242:1053-1056. 


62 


Kjolby, R.A.S., and R.M. Harland. 2017. Genome-wide identifi- 
cation of Wnt/beta-catenin transcriptional targets during 
Xenopus gastrulation. Dev Biol. 426:165-175. 

Kjolby, R.A.S., M. Truchado-Garcia, S. Iruvanti, and R.M. Harland. 
2019. Integration of Wnt and FGF signaling in the Xenopus 
gastrula at TCF and Ets binding sites shows the importance 
of short-range repression by TCF in patterning the marginal 
zone. Development. 146. 

Koide, T., M. Downes, R.A. Chandraratna, B. Blumberg, and 
K. Umesono. 2001. Active repression of RAR signaling is 
required for head formation. Genes Dev. 15:2111-2121. 

Kolm, P.J., V. Apekin, and H. Sive. 1997. Xenopus hindbrain pat- 
terning requires retinoid signaling. Dev Biol. 192:1-16. 

Komiya, Y., N. Mandrekar, A. Sato, I.B. Dawid, and R. Habas. 
2014. Custos controls beta-catenin to regulate head develop- 
ment during vertebrate embryogenesis. Proc Natl Acad Sci 
USA. 111:13099-13104. 

Lamb, T.M., and R.M. Harland. 1995. Fibroblast growth fac- 
tor is a direct neural inducer, which combined with noggin 
generates anterior-posterior neural pattern. Development. 
121:3627-3636. 

Lamb, T.M., A.K. Knecht, W.C. Smith, S.E. Stachel, A.N. 
Economides, N. Stahl, G.D. Yancopolous, and R.M. Harland. 
1993. Neural induction by the secreted polypeptide noggin. 
Science. 262:713-718. 

Lea, R., N. Papalopulu, E. Amaya, and K. Dorey. 2009. Temporal 
and spatial expression of FGF ligands and receptors during 
Xenopus development. Dev Dyn. 238:1467-1479. 

Lee, H., S.M. Cheong, W. Han, Y. Koo, S.B. Jo, G.S. Cho, J.S. 
Yang, S. Kim, and J.K. Han. 2018. Head formation requires 
Dishevelled degradation that is mediated by March2 in con- 
cert with Dapperl. Development. 145. 

Leyns, L., T. Bouwmeester, S.H. Kim, S. Piccolo, and E.M. De 
Robertis. 1997. Frzb-1 is a secreted antagonist of Wnt signal- 
ing expressed in the Spemann organizer. Cell. 88:747-756. 

Lin, K., S. Wang, M.A. Julius, J. Kitajewski, M. Moos, Jr., and F.P. 
Luyten. 1997. The cysteine-rich frizzled domain of Frzb-1 is 
required and sufficient for modulation of Wnt signaling. Proc 
Natl Acad Sci U S A. 94:11196-11200. 

Lloret-Vilaspasa, F., H.J. Jansen, K. de Roos, R.A. Chandraratna, 
M.H. Zile, C.D. Stern, and A.J. Durston. 2010. Retinoid 
signalling is required for information transfer from meso- 
derm to neuroectoderm during gastrulation. Int J Dev Biol. 
54:599-608. 

Lombardo, A., H.V. Isaacs, and J.M. Slack. 1998. Expression and 
functions of FGF-3 in Xenopus development. Int J Dev Biol. 
42:1101-1107. 

Lombardo, A., and J.M. Slack. 1998. Postgastrulation effects of 
fibroblast growth factor on Xenopus development. Dev Dyn. 
212:75-85. 

Lou, X., P. Fang, S. Li, R.Y. Hu, K.M. Kuerner, H. Steinbeisser, 
and X. Ding. 2006. Xenopus Tbx6 mediates posterior pat- 
terning via activation of Wnt and FGF signalling. Cell Res. 
16:771-779. 

Mangold, O. 1933. Uber die Inducktionsfahigkeit der verschiedenen 
Bezirke der Neurula von Urodelen. Naturwissenshafien. 
43:761-766. 

Mao, B., W. Wu, G. Davidson, J. Marhold, M. Li, B.M. Mechler, 
H. Delius, D. Hoppe, P. Stannek, C. Walter, A. Glinka, and 
C. Niehrs. 2002. Kremen proteins are Dickkopf receptors 
that regulate Wnt/beta-catenin signalling. Nature. 417:664— 
667. 

Mao, B., W. Wu, Y. Li, D. Hoppe, P. Stannek, A. Glinka, and C. 
Niehrs. 2001. LDL-receptor-related protein 6 is a receptor 
for Dickkopf proteins. Nature. 411:321-325. 


Xenopus 


McGrew, L.L., S. Hoppler, and R.T. Moon. 1997. Wnt and FGF 
pathways cooperatively pattern anteroposterior neural ecto- 
derm in Xenopus. Mech Dev. 69:105-114. 

McGrew, L.L., C.J. Lai, and R.T. Moon. 1995. Specification of the 
anteroposterior neural axis through synergistic interaction of 
the Wnt signaling cascade with noggin and follistatin. Dev 
Biol. 172:337-342. 

McLin, V.A., S.A. Rankin, and A.M. Zorn. 2007. Repression of 
Wnt/beta-catenin signaling in the anterior endoderm is 
essential for liver and pancreas development. Development. 
134:2207-2217. 

McMahon, A.P., and R.T. Moon. 1989. Ectopic expression of the 
proto-oncogene int-1 in Xenopus embryos leads to duplica- 
tion of the embryonic axis. Cell. 58:1075-1084. 

Michiue, T., A. Fukui, A. Yukita, K. Sakurai, H. Danno, A. Kikuchi, 
and M. Asashima. 2004. XIdax, an inhibitor of the canonical 
Wnt pathway, is required for anterior neural structure forma- 
tion in Xenopus. Dev Dyn. 230:79-90. 

Miyagi, A., T. Negishi, T.S. Yamamoto, and N. Ueno. 2015. G 
protein-coupled receptors Flop1 and Flop2 inhibit Wnt/beta- 
catenin signaling and are essential for head formation in 
Xenopus. Dev Biol. 407:131-144. 

Nieuwkoop, P.D. 1952a. Activation and organization of the central 
nervous system in amphibians. Part I: Induction and activa- 
tion. J. Exp. Zool. 120:1-31. 

Nieuwkoop, P.D. 1952b. Activation and organization of the central 
nervous system in amphibians. Part II: Differentiation and 
organization. J. Exp. Zool. 120:33-81. 

Nieuwkoop, P.D. 1952c. Activation and organization of the central 
nervous system in amphibians. Part III: Synthesis of a work- 
ing hypothesis. J. Exp. Zool. 120:83-108. 

Okada, Y.K., and H. Takaya. 1942. Experimental investigation of 
regional differences in the inductive capacity of the orga- 
nizer. Proc. Imp. Acad. (Tokyo). 18:505-513. 

Papalopulu, N., J.D. Clarke, L. Bradley, D. Wilkinson, R. Krumlauf, 
and N. Holder. 1991a. Retinoic acid causes abnormal devel- 
opment and segmental patterning of the anterior hindbrain in 
Xenopus embryos. Development. 113:1145-1158. 

Papalopulu, N., and C. Kintner. 1996. A posteriorising factor, reti- 
noic acid, reveals that anteroposterior patterning controls the 
timing of neuronal differentiation in Xenopus neuroecto- 
derm. Development. 122:3409-3418. 

Papalopulu, N., R. Lovell-Badge, and R. Krumlauf. 1991b. The 
expression of murine Hox-2 genes is dependent on the dif- 
ferentiation pathway and displays a collinear sensitivity to 
retinoic acid in F9 cells and Xenopus embryos. Nucleic Acids 
Res. 19:5497-5506. 

Pera, E.M., and E.M. De Robertis. 2000. A direct screen for 
secreted proteins in Xenopus embryos identifies distinct 
activities for the Wnt antagonists Crescent and Frzb-1. Mech 
Dev. 96:183-195. 

Pfeffer, P.L., and E.M. De Robertis. 1994. Regional specificity of 
RAR gamma isoforms in Xenopus development. Mech Dev. 
45:147-153. 

Piccolo, S., E. Agius, L. Leyns, S. Bhattacharyya, H. Grunz, T. 
Bouwmeester, and E.M. De Robertis. 1999. The head inducer 
Cerberus is a multifunctional antagonist of Nodal, BMP and 
Wnt signals. Nature. 397:707-710. 

Pillemer, G., M. Epstein, B. Blumberg, J.K. Yisraeli, E.M. De 
Robertis, H. Steinbeisser, and A. Fainsod. 1998. Nested expres- 
sion and sequential downregulation of the Xenopus caudal 
genes along the anterior-posterior axis. Mech Dev. 71:193-196. 

Pinho, S., and C. Niehrs. 2007. Dkk3 is required for TGF-beta sig- 
naling during Xenopus mesoderm induction. Differentiation. 
75:957-967. 


Signaling Pathways in AP Patterning 


Ploper, D., H.X. Lee, and E.M. De Robertis. 2011. Dorsal-ventral 
patterning: Crescent is a dorsally secreted Frizzled-related 
protein that competitively inhibits Tolloid proteases. Dev 
Biol. 352:317-328. 

Polevoy, H., Y.E. Gutkovich, A. Michaelov, Y. Volovik, Y.M. 
Elkouby, and D. Frank. 2019. New roles for Wnt and 
BMP signaling in neural anteroposterior patterning. 
EMBO Rep. 20. 

Pownall, M.E., H.V. Isaacs, and J.M. Slack. 1998. Two phases of 
Hox gene regulation during early Xenopus development. 
Curr Biol. 8:673-676. 

Pownall, M.E., A.S. Tucker, J.M. Slack, and H.V. Isaacs. 1996. 
eFGF, Xcad3 and Hox genes form a molecular path- 
way that establishes the anteroposterior axis in Xenopus. 
Development. 122:3881-3892. 

Pownall, M.E., B.E. Welm, K.W. Freeman, D.M. Spencer, J.M. 
Rosen, and H.V. Isaacs. 2003. An inducible system for the 
study of FGF signalling in early amphibian development. 
Developmental Biology. 256:90-100. 

Rankin, S.A., K.W. McCracken, D.M. Luedeke, L. Han, J.M. 
Wells, J.M. Shannon, and A.M. Zorn. 2018. Timing is every- 
thing: Reiterative Wnt, BMP and RA signaling regulate 
developmental competence during endoderm organogenesis. 
Dev Biol. 434:121-132. 

Rauschenberger, V., D.B. Bernkopf, S. Krenn, K. Jalal, J. Heller, 
J. Behrens, M. Gentzel, and A. Schambony. 2017. The phos- 
phatase Pgam5 antagonizes Wnt/beta-Catenin signaling in 
embryonic anterior-posterior axis patterning. Development. 
144:2234-2247. 

Ribisi, S., Jr., F.V. Mariani, E. Aamar, T.M. Lamb, D. Frank, and 
R.M. Harland. 2000. Ras-mediated FGF signaling is required 
for the formation of posterior but not anterior neural tissue in 
Xenopus laevis. Dev Biol. 227:183-196. 

Richard-Parpaillon, L., C. Heligon, F. Chesnel, D. Boujard, and 
A. Philpott. 2002. The IGF pathway regulates head for- 
mation by inhibiting Wnt signaling in Xenopus. Dev Biol. 
244:407—417. 

Roche, D.D., K.J. Liu, R.M. Harland, and A.H. Monsoro-Burq. 
2009. Dazap2 is required for FGF-mediated posterior neural 
patterning, independent of Wnt and Cdx function. Dev Biol. 
333:26-36. 

Ruiz i Altaba, A., and T. Jessell. 1991a. Retinoic acid modifies 
mesodermal patterning in early Xenopus embryos. Genes 
Dev. 5:175-187. 

Ruiz i Altaba, A., and T.M. Jessell. 1991b. Retinoic acid modi- 
fies the pattern of cell differentiation in the central nervous 
system of neurula stage Xenopus embryos. Development. 
112:945-958. 

Saha, M.S., and R.M. Grainger. 1992. A labile period in the deter- 
mination of the anterior-posterior axis during early neural 
development in Xenopus. Neuron. 8:1003-1014. 

Sasai, Y., B. Lu, H. Steinbeisser, and E.M. De Robertis. 1995. 
Regulation of neural induction by the Chd and Bmp-4 antag- 
onistic patterning signals in Xenopus. Nature. 376:333-336. 

Sasai, Y., B. Lu, H. Steinbeisser, D. Geissert, L.K. Gont, and E.M. 
De Robertis. 1994. Xenopus chordin: A novel dorsalizing 
factor activated by organizer-specific homeobox genes. Cell. 
79:779-790. 

Sato, S.M., and T.D. Sargent. 1989. Development of neural induc- 
ing capacity in dissociated Xenopus embryos. Dev Biol. 
134:263-266. 

Saxen, L., and S. Toivonen. 1961. The two-gradient hypothesis 
in primary induction: The combined effect of two types of 
inductors mixed in different ratios. J Embryol Exp Morphol. 
9:514-533. 


63 


Saxen, L., S. Toivonen, and T. Vainio. 1964. Initial stimulus and 
subsequent interactions in embryonic induction. J Embryol 
Exp Morphol. 12:333-338. 

Schyr, R.B., Y. Shabtai, C.S. Shashikant, and A. Fainsod. 2012. 
Cdx1 is essential for the initiation of HoxC8 expression dur- 
ing early embryogenesis. FASEB J. 26:2674-2684. 

Semenov, M.V., K. Tamai, B.K. Brott, M. Kuhl, S. Sokol, and X. 
He. 2001. Head inducer Dickkopf-1 is a ligand for Wnt core- 
ceptor LRP6. Curr Biol. 11:951-961. 

Sharpe, C.R., A. Fritz, E.M. De Robertis, and J.B. Gurdon. 1987. 
A homeobox-containing marker of posterior neural differen- 
tiation shows the importance of predetermination in neural 
induction. Cell. 50:749-758. 

Sharpe, C.R., and J.B. Gurdon. 1990. The induction of anterior 
and posterior neural genes in Xenopus laevis. Development. 
109:765-774. 

Shibata, M., M. Itoh, H. Hikasa, S. Taira, and M. Taira. 2005. Role 
of crescent in convergent extension movements by modulat- 
ing Wnt signaling in early Xenopus embryogenesis. Mech 
Dev. 122:1322-1339. 

Shibata, M., H. Ono, H. Hikasa, J. Shinga, and M. Taira. 2000. 
Xenopus crescent encoding a Frizzled-like domain is 
expressed in the Spemann organizer and pronephros. Mech 
Dev. 96:243-246. 

Shiotsugu, J., Y. Katsuyama, K. Arima, A. Baxter, T. Koide, J. Song, 
R.A. Chandraratna, and B. Blumberg. 2004. Multiple points 
of interaction between retinoic acid and FGF signaling during 
embryonic axis formation. Development. 131:2653-2667. 

Silva, A.C., M. Filipe, K.M. Kuerner, H. Steinbeisser, and J.A. 
Belo. 2003. Endogenous Cerberus activity is required 
for anterior head specification in Xenopus. Development. 
130:4943-4953. 

Sive, H.L., B.W. Draper, R.M. Harland, and H. Weintraub. 
1990. Identification of a retinoic acid-sensitive period dur- 
ing primary axis formation in Xenopus laevis. Genes Dev. 
4:932-942. 

Sive, H.L., K. Hattori, and H. Weintraub. 1989. Progressive deter- 
mination during formation of the anteroposterior axis in 
Xenopus laevis. Cell. 58:171-180. 

Slack, J.M., B.G. Darlington, L.L. Gillespie, S.F. Godsave, H.V. 
Isaacs, and G.D. Paterno. 1989. The role of fibroblast growth 
factor in early Xenopus development. Development. 107 
Suppl:141-148. 

Slack, J.M., B.G. Darlington, J.K. Heath, and S.F. Godsave. 1987. 
Mesoderm induction in early Xenopus embryos by heparin- 
binding growth factors. Nature. 326:197-200. 

Slack, J.M., H.V. Isaacs, and B.G. Darlington. 1988. Inductive 
effects of fibroblast growth factor and lithium ion on Xenopus 
blastula ectoderm. Development. 103:581-590. 

Slack, J.M., and D. Tannahill. 1992. Mechanism of anteroposterior 
axis specification in vertebrates: Lessons from the amphib- 
ians. Development. 114:285-302. 

Smith, W.C., and R.M. Harland. 1991. Injected Xwnt-8 RNA acts 
early in Xenopus embryos to promote formation of a vegetal 
dorsalizing center. Cell. 67:753-765. 

Smith, W.C., and R.M. Harland. 1992. Expression cloning of nog- 
gin, a new dorsalizing factor localized to the Spemann orga- 
nizer in Xenopus embryos. Cell. 70:829-840. 

Sokol, S., J.L. Christian, R.T. Moon, and D.A. Melton. 1991. 
Injected Wnt RNA induces a complete body axis in Xenopus 
embryos. Cell. 67:741-752. 

Song, J., and J.M. Slack. 1996. XFGF-9: A new fibroblast growth 
factor from Xenopus embryos. Dev Dyn. 206:427-436. 
Spemann, H. 1936. Experimentelle Beitrage zu einer Theorie der 

Entwicklung. Verlag Julius Springer, Berlin. 


64 


Spemann, H., and H. Mangold. 1924. Uber Induktion von 
Embryonalanlagen durch Implantation Artfremder Organi- 
satoren. Roux’ Arch. Entw. Mech. 100:599-638. 

Spemann, H., and H. Mangold. 2001. Induction of embryonic pri- 
mordia by implantation of organizers from a different spe- 
cies. 1923. Int J Dev Biol. 45:13-38. 

Stewart, R.M., and J.C. Gerhart. 1990. The anterior extent of dor- 
sal development of the Xenopus embryonic axis depends on 
the quantity of organizer in the late blastula. Development. 
109:363-372. 

Strate, I., T.H. Min, D. Iliev, and E.M. Pera. 2009. Retinol dehydro- 
genase 10 is a feedback regulator of retinoic acid signalling 
during axis formation and patterning of the central nervous 
system. Development. 136:461-472. 

Sun, B.I., S.M. Bush, L.A. Collins-Racie, E.R. LaVallie, E.A. 
DiBlasio-Smith, N.M. Wolfman, J.M. McCoy, and H.L. 
Sive. 1999. derriere: A TGF-beta family member required 
for posterior development in Xenopus. Development. 
126:1467-1482. 

Tanibe, M., T. Michiue, A. Yukita, H. Danno, M. Ikuzawa, S. 
Ishiura, and M. Asashima. 2008. Retinoic acid metabolizing 
factor xCyp26c is specifically expressed in neuroectoderm 
and regulates anterior neural patterning in Xenopus laevis. Int 
J Dev Biol. 52:893-901. 

Tannahill, D., H.V. Isaacs, M.J. Close, G. Peters, and J.M. Slack. 
1992. Developmental expression of the Xenopus int-2 (FGF- 
3) gene: Activation by mesodermal and neural induction. 
Development. 115:695—702. 

van der Wees, J., J.G. Schilthuis, C.H. Koster, H. Diesveld-Schipper, 
G.E. Folkers, P.T. van der Saag, M.I. Dawson, K. Shudo, B. 
van der Burg, and A.J. Durston. 1998. Inhibition of retinoic 
acid receptor-mediated signalling alters positional identity in 
the developing hindbrain. Development. 125:545-556. 

Vodicka, M.A., and J.C. Gerhart. 1995. Blastomere derivation and 
domains of gene expression in the Spemann organizer of 
Xenopus laevis. Development. 121:3505-3518. 

Vogt, W. 1929. Gestaltungsanalyse am Amphibienkeim mit Ortlicher 
Vitalfarbung: II. Teil Gastrulation und Mesodermbildung bei 
Urodelen und Anuren. Wilhelm Roux Arch Entwickl Mech 
Org. 120:384—-706. 


Xenopus 


Weston, A.D., B. Blumberg, and T.M. Underhill. 2003. Active 
repression by unliganded retinoid receptors in development: 
Less is sometimes more. J Cell Biol. 161:223-228. 

Wheeler, G.N., F.S. Hamilton, and S. Hoppler. 2000. Inducible 
gene expression in transgenic Xenopus embryos. Curr Biol. 
10:849-852. 

Yamada, T. 1990. Regulations in the induction of the orga- 
nized neural system in amphibian embryos. Development. 
110:653-659. 

Yamamoto, A., T. Nagano, S. Takehara, M. Hibi, and S. Aizawa. 
2005. Shisa promotes head formation through the inhibition 
of receptor protein maturation for the caudalizing factors, 
Wnt and FGF. Cell. 120:223-235. 

Yamamoto, H., H. Sakane, H. Yamamoto, T. Michiue, and A. 
Kikuchi. 2008. Wnt3a and Dkk1 regulate distinct internaliza- 
tion pathways of LRP6 to tune the activation of beta-catenin 
signaling. Dev Cell. 15:37-48. 

Yelin, R., R.B. Schyr, H. Kot, S. Zins, A. Frumkin, G. Pillemer, and 
A. Fainsod. 2005. Ethanol exposure affects gene expression 
in the embryonic organizer and reduces retinoic acid levels. 
Dev Biol. 279:193-204. 

Yoshida, H., M. Okada, K. Takebayashi-Suzuki, N. Ueno, and A. 
Suzuki. 2016. Involvement of JunB proto-oncogene in tail 
formation during early Xenopus embryogenesis. Zoolog Sci. 
33:282-289. 

Zhang, X., J.G. Abreu, C. Yokota, B.T. MacDonald, S. Singh, K.L. 
Coburn, S.M. Cheong, M.M. Zhang, Q.Z. Ye, H.C. Hang, 
H. Steen, and X. He. 2012. Tikil is required for head for- 
mation via Wnt cleavage-oxidation and inactivation. Cell. 
149:1565-1577. 

Zhang, X., S.M. Cheong, N.G. Amado, A.H. Reis, B.T. MacDonald, 
M. Zebisch, E.Y. Jones, J.G. Abreu, and X. He. 2015. Notum 
is required for neural and head induction via Wnt deacyla- 
tion, oxidation, and inactivation. Dev Cell. 32:719—730. 

Zhu, X., Z. Min, R. Tan, and Q. Tao. 2015. NF2/Merlin is required 
for the axial pattern formation in the Xenopus laevis embryo. 
Mech Dev. 138(Pt 3):305-312. 

Zoltewicz, J.S., and J.C. Gerhart. 1997. The Spemann organizer 
of Xenopus is patterned along its anteroposterior axis at the 
earliest gastrula stage. Dev Biol. 192:482-491. 


Wnt Signaling in Tissue Differentiation 
and Morphogenesis 


Stefan Hoppler and Michael Kühl 


CONTENTS 
6:1; Histomeal A cces de sacees ea ideas kirane e rE ana Aea EE ap EE EEE E E EE ANRE IEAI ERES 65 
6.2. Characterizing the Wnt Signaling PáthWayS-ss.ssscisssscissicicieisisiiasisirsroivspesuasisisroevei dad rnasdo tsi Oena o SKE EEE EEKE 65 
6.2:1;-- Canonical Wnt Sinaloa iii 66 
6.2.2. Non=Canonical Wat Signaling cnica a E AS 68 
6.2.3. Integration of Canonical and Non-Canonical Wnt Signaling 00... eee eee eeeeseeeseeseeeseeaeeeeeeaeeeseeaeenaeeneeaes 68 
6.2.4. Integrated Understanding of Wnt Signaling in Vertebrate Embryonic Development.............:ececeeeeereeeeeeeees 69 
6:3: Recent AVANCES asocio is 69 
6.3.1. Wht Signaling in Cardiac Organogenesis ...............ssccceeocecseceeeesseeseessecessessssevasecescesseecsceoesecassatsetteenettarseesses 69 
6.3.2... Modeling Wnt Signaling. 2.032.020, dai io toscana gsbua tessa stbeateaksdepasdinabeanauesdsesaes AVERSE E ER ETANOA S Eais 69 
6.3.3. Context=Specific Wat Signaling soisessa nocino ia eta 70 
6.4. Future Directions and Important Questhons .:.cs:...:.c.ssccsecieaassseseeesssoutsiseosssassabcseseascdnosesseadacseanacteessgescavesdevesvinastapesaeases 71 
6.4.1. Wht Interactions with Other Signaling Pathways .0........ccsssesceceeesceeceeensesececseesesaeeaesaeeaeeaeeeeeeeeeseeseesseseeeeeed 71 
6.4.2. Regulation of Gene Expression by Non-Canonical Wnt Signaling ....oooncnnnnnnnnonnnnnnoncnnncnncnnnnoncnoncnn oracion cnnnnnnos 71 
6.4.3. Integration of Wnt Signaling into the Embryonic Signaling and Regulatory Environment .........0. eee 71 
6.44. . Xenopús.as:a Model for Human Disease cursa it 71 
Ackjowled iments cuicos ri aaron Irina darian onda ia EESE 72 
IRCECLENCES:<s2:scspssciedsectsnes iocstascesdasagenseeacecdedseoassadensanescev acd yds NS 72 
6.1. HISTORICAL BACKGROUND receptors primarily of the Frizzled family of seven trans- 


The Xenopus experimental model system has been instrumen- 
tal for key discoveries about Wnt signaling in vertebrates, both 
biochemical mechanisms and developmental functions. Study of 
Wnt function in dorsal axis establishment, morphogenetic move- 
ments during gastrulation, and neural development provided 
insights into Wnt pathway mechanisms inside and between cells. 
Wnt signaling research continues to make important discoveries 
using the Xenopus system (see Sections 3 and 4). 

The success of Xenopus as a model system is explained by 
it being at the crossroads of different disciplines, as indicated 
by different techniques and complementary experimental 
approaches, such as: stem-cell/organoid-like embryonic 
explants or the ability to perform transplantation experiments 
(for embryology), microscopy analysis (for cell biology), 
or extracting lysates in large amounts (for biochemistry). 
These unique experimental advantages of the Xenopus model 
system have served Wnt signaling research immensely and 
widely. 


6.2. CHARACTERIZING THE WNT SIGNALING 


PATHWAYS 


Wnt glycoproteins are secreted extracellular signal proteins 
that initiate intracellular signal transduction by binding to 
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membrane receptors. Co-receptors, such as LRP5/6, are also 
involved in some signaling contexts (Hoppler and Nakamura, 
2014). Several members of tyrosine kinase receptors also 
have been linked to Wnt signaling such as Ryk, Ror, Ptk7, 
and MuSK (Roy et al., 2018). 

Following the independent co-discovery of Wnt genes 
in mouse (int-1, Nusse and Varmus, 1982) and Drosophila 
(wingless, Baker, 1987), injection of mRNA coding for 
Int-1 into early Xenopus embryos demonstrated that Wnt 
proteins also function in vertebrate development; this 
caused a dramatic axis duplication (McMahon and Moon, 
1989). This fundamental experiment became established 
as an important assay for investigating Wnt signaling. Wnt 
pathway activity was subsequently shown to be required for 
normal axis development (e.g. Heasman et al., 2000), and 
again it was Xenopus that was used as the model system 
of choice. However, the originally proposed requirement 
for endogenous Wnt ligand and receptor function (Kofron 
et al., 2007; Tao et al., 2005) has recently been challenged 
(Yan et al., 2018). 

Using the axis duplication assay, Wnt signals were 
subdivided into different classes. Members of the Wntl 
class resulted in formation of secondary axis upon mRNA 
injection into early Xenopus embryos. In addition, they 
triggered transformation of C57/MG mouse mammary 
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epithelial cells and could later be linked to canonical Wnt 
signaling. In contrast, members of the Wnt5a class failed 
in the secondary axis induction assay but rather inhib- 
ited the activity of Wntl class members. They affected 
Cadherin mediated cell adhesion (Torres et al., 1996), cell 
migration (Tada and Smith, 2000), and tumor metastasis 
(Dissanayake et al., 2007). Those members were linked to 
non-canonical Wnt signaling. 


6.2.1. 


6.2.1.1. 


Xenopus dorsal axis development served as a powerful 
experimental assay to investigate mechanisms and func- 
tions of canonical Wnt signaling. Analysis of Xenopus 
dorsal axis development served to confirm in vertebrates 
important components of the canonical signal transduction 
pathway in the cytoplasm, such as GSK3 (Yost et al., 1996), 
APC (Vleminckx et al., 1997), Axin (Zeng et al., 1997), and 
Casein Kinase I (CKI) (Peters et al., 1999). Crucially, the 
hallmark of canonical Wnt pathway, P-Catenin was also 
confirmed as the important downstream component causing 
Xenopus axis induction (Funayama et al., 1995). 

Xenopus research was particularly powerful at integrat- 
ing the molecular functions at the core of the canonical 
Wnt signal transduction pathway in the “B-Catenin destruc- 
tion complex” (Hedgepeth et al., 1999; Itoh et al., 1998; 
Xing et al., 2003), including the N-terminal phosphoryla- 
tion of B-Catenin protein by GSK3 (Yost et al., 1996) and 
CK lepsilon (Liu et al., 2002), which is further controlled by 
Protein Phosphatase 2A (Li et al., 2001), leading to P-TrCP- 
mediated degradation of the B-Catenin protein (Liu et al., 
1999; Marikawa and Elinson, 1998). 

These discoveries led to the concept of the “futile 
P-Catenin protein turnover cycle” (reviewed by Chen et al., 
2014). In the absence of canonical Wnt signaling, B-Catenin 
protein is synthesized and then promptly degraded by the 
P-Catenin destruction complex, whereas active upstream 
Wnt signaling disrupts the B-Catenin destruction complex. 
This results in stabilized P-Catenin protein that then func- 
tions to induce axis development and by extension all the 
other functions of canonical Wnt signaling in other tissues 
at other stages and of course in other organisms. 

Xenopus researchers were able to re-constitute the 
P-Catenin destruction complex in egg extracts (Hyde et al., 
2016; Salic et al., 2000) to study the biochemistry in detail, 
which revealed that, in early Xenopus development, at least, 
Axin protein is clearly the limiting component (Lee et al., 
2003) with likely implications for regulation of B-Catenin 
destruction complex assembly (see subsection 2.1.3.). 


CANONICAL WNT SIGNALING 


Canonical Wnt Signaling in the Cytoplasm 


6.2.1.2. 
Xenopus embryos clearly illustrate that activated canonical 
Wnt signaling allows transport of B-Catenin protein into 
the nucleus (Figure 6.1) (Schneider et al., 1996; Yost et al., 
1996), and again Xenopus dorsal axis development served 


Canonical Wnt Signaling in the Nucleus 


Xenopus 


in the discovery of how B-Catenin regulates developmen- 
tal change in the nucleus. B-Catenin does not make direct 
contact with DNA. Xenopus experiments were crucial in 
demonstrating functional interaction with the Lymphoid 
Enhancer Factor/T-Cell Factor (LEF/TCF) family of DNA- 
binding proteins (Behrens et al., 1996; Molenaar et al., 1996) 
and the very first identification of some of the direct Wnt 
target genes (sia, Brannon et al., 1997; nodal3, McKendry 
et al., 1997; twin, a.k.a. sia2, Laurent et al., 1997; fibronec- 
tin, Gradl et al., 1999; engrailed2, McGrew et al., 1999; and 
nodal5 and nodal6, Yang et al., 2002). 

Xenopus experiments dissected what has subsequently been 
named the “transcriptional switch” (reviewed by Ramakrishnan 
et al., 2018). In the presence of nuclear B-Catenin, when the 
canonical Wnt pathway is active, LEF/TCF proteins establish 
a transcriptional activation complex together with other tran- 
scriptional co-activator proteins such as pCBP (Takemaru and 
Moon, 2000). In the absence of nuclear B-Catenin, when the 
canonical Wnt pathway is inactive, LEF/TCF proteins estab- 
lish a transcriptional repression complex together with tran- 
scriptional co-repressors such as TLE/Groucho (Roose et al., 
1998). The structure of LEF/TCF proteins reveals functional 
domains that mediate interaction with nuclear B-Catenin, 
and thus transcriptional activation, with TLE/Groucho, and 
thus transcriptional repression, and an HMG DNA binding 
domain (reviewed by Hoppler and Kavanagh, 2007; Hoppler 
and Waterman, 2014). The large protein complexes assembled 
by LEF/TCF proteins on regulatory DNA sequences have 
since been named the “Wnt enhanceosome” (Gammons and 
Bienz, 2018) (Figure 6.2). 


6.2.1.3. Canonical Wnt Signaling at the Membrane 
Xenopus embryos were instrumental in confirming in ver- 
tebrates that Frizzled proteins function as Wnt receptors 
(Yang-Snyder et al., 1996) and LRP5/6 (Tamai et al., 2000) 
as important co-receptors in canonical Wnt signaling. The 
interaction between the Xenopus Wnt8a ligand and Frizzled8 
receptor has since been described in structural detail (Janda 
et al., 2012). Xenopus experiments contributed critically to 
the concept that in canonical signaling Wnt, Frizzled, and 
LRP form a complex at the membrane (Holmen et al., 2002; 
Tamai et al., 2000), with the intracellular domain of LRP 
being important for the recruitment of Axin (Davidson et al., 
2005; Zeng et al., 2005) in a process that involves Disheveled 
to form a mega-protein-complex that has subsequently been 
named the “Wnt signalosome” (Bilic et al., 2007; Gammons 
and Bienz, 2018). 

Experiments with Xenopus embryos were particularly 
fertile at identifying and studying extracellular partners 
modifying Wnt signaling at the membrane. The Dickkopf 
(DKK) family of proteins (Glinka et al., 1998) and Sclerostin 
(SOST) (Semenov et al., 2005) bind to LRP5/6 co-receptors 
(Mao et al., 2001). Secreted Frizzled related proteins (sFrp), 
including Frzb (a.k.a. Sfrp3) (Leyns et al., 1997; Wang et al., 
1997) and at later stages Sfrpl (Gibb et al., 2013), initially 
were described as Wnt inhibitors, but they may modulate Wnt 
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FIGURE 6.1 Nuclear localization of §-Catenin protein in dorsal blastomeres. Embryology, cell biology, and molecular biology come 
together in this image of B-Catenin localization in Xenopus laevis blastula (Schneider et al., 1996). (A) view of the prospective ventral 
side of blastula (stage 8.5 embryo). (B) view of the prospective dorsal side of the same blastula-stage embryo. Note that B-Catenin local- 
ization traces the outlines of the blastomere cells (in A and B, through its molecular association with adherence junctions); additionally, 
but only on the prospective dorsal side (B), f3-Catenin also localizes to cell nuclei. Detection of nuclear P-Catenin is now established as 
the hallmark of activated canonical Wnt signaling. 


Source: Images reproduced with permission from Elsevier publishers [Copyright Clearance Center (RightsLink) License Number 4961291291588)]. 
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FIGURE 6.2 Different Wnt signaling pathways as discussed in the text. Left: Canonical, Wnt/b-catenin signaling. Middle: Non- 
canonical, Wnt/PCP signaling. Right: Non-canonical, Wnt/Ca signaling. Dashed lines indicate selected cross talks of Wnt signaling 
with other pathways. 
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signaling in more complex ways (discussed in Bovolenta et al., 
2014). An image emerges with potentially several kinds of 
extracellular ligands (Wnt, Sfrp, Dkk, etc.) influencing Wnt 
signaling at the membrane. 


6.2.2. NON-CANONICAL WNT SIGNALING 


Wnt proteins that failed to induce a secondary axis were 
originally classified as WntSa class members (Du et al., 1995; 
Torres et al., 1996). So-called non-canonical Wnt signaling 
was defined by its independence from B-Catenin (Figure 6.2). 
Again, Xenopus served as a powerful model system to dissect 
the function of those Wnt members and the molecular nature 
of the activated signaling pathways. It turned out, however, 
that non-canonical Wnt signaling involves more than just one 
signaling pathway. According to their main molecular effec- 
tors or cellular effect, they were named Wnt/PCP (planar cell 
polarity), Wnt/JNK (jun-N-terminal Kinase), Wnt/calcium, 
or Wnt/Ror signaling pathways. For historical reasons, we 
deal here with these pathways independently, but these origi- 
nally described different pathways overlap heavily to repre- 
sent a Wnt signaling network. 


6.2.2.1. Wnt/PCP/JNK Signaling 

Cell migration is thought to be regulated by Wnt/PCP 
signaling, often also named Wnt/JNK signaling, such 
as during vertebrate gastrulation (Djiane et al., 2000; 
Wallingford et al., 2000) or migration of neural crest cells 
(De Calisto et al., 2005). Xenopus assays including dorsal 
marginal zone explants as well as Activin-induced animal 
caps served to reveal the mechanisms and functions of this 
non-canonical Wnt signaling pathway during gastrulation, 
neural crest cell migration, and morphogenesis. This pro- 
cess is mediated by directed and regulated cell movements 
called convergent extension. This involves polarization of 
mesodermal cells and migration of cells toward the dorsal 
midline, resulting in medio-lateral narrowing and anterior- 
posterior elongation of the embryo. Work in Xenopus showed 
that Wnt11b is required for polarization of mesodermal cells 
(Yamanaka and Nishida, 2007), whereas WntSa regulates 
cell migration toward the dorsal midline (Schambony and 
Wedlich, 2007). Use of such Xenopus explants helped to fur- 
ther characterize these pathways and to identify components 
of this pathway, including Prickle (Veeman et al., 2003), 
Ror2 and JNK (Schambony and Wedlich, 2007), PTK7 (Lu 
et al., 2004; Podleschny et al., 2015), Cdc42 (Penzo-Mendez 
et al., 2003), Rac and Rho (Habas et al., 2003), ROK (Kim 
and Han, 2005), WGEF (Tanegashima et al., 2008), and 
Daam1 (Habas et al., 2001). 

Wnt/PCP signaling links to cilia formation (Wallingford 
and Mitchell, 2011), which regulates left/right patterning. In 
particular, Wntl1b is required for the polarization of the gas- 
trocoel roof plate and subsequently for the cilia-driven left- 
ward flow (Walentek et al., 2013). Explants of the Xenopus 
animal cap were essential for these findings. 


Xenopus 


6.2.2.2. 


The unique feature of Xenopus also helped to elucidate Wnt/ 
calcium signaling (Figure 6.2). Groundbreaking work by 
Randall Moon and colleagues indicated that certain Wnts trig- 
ger an intracellular calcium release (Slusarski et al., 1997a, 
1997b). Work in other model systems later showed that this 
calcium release occurs within seconds and thus is very likely 
a direct response of Wnt signaling (Dejmek et al., 2006; Jenei 
et al., 2009). The identification of calcium effectors in this 
pathway again made use of the unique features of the Xenopus 
system. Activation of PKC through calcium is accompanied 
by a translocation of the enzyme toward the membrane, which 
can be monitored in animal cap explants taking advantage of 
fluorescence microscopy (Sheldahl et al., 1999). Activation of 
Calcium-Calmodulin Dependent Kinase II (CaMKII) was 
studied in cytoplasmic lysates of Xenopus embryos before the 
onset of zygotic gene transcription at the midblastula transition 
(Kuhl et al., 2000). Also, the calcium-dependent phosphatase, 
Calcineurin, and its transcriptional regulator Nuclear Factor of 
Activated T cells (NFAT) were shown to be regulated by Wnts 
using Xenopus as a model system (Saneyoshi et al., 2002). 
Wnt/calcium signaling was shown to be involved in dorso- 
ventral patterning using Xenopus embryos (Kuhl et al., 2000). 


Wnt/Calcium Signaling 


6.2.3. INTEGRATION OF CANONICAL AND NON- 


CANONICAL WNT SIGNALING 


While the concept of “canonical” versus “non-canonical” 
had been useful, cracks in this wall separating canonical 
from non-canonical Wnt signaling appeared from the begin- 
ning; these have subsequently only grown larger and larger. 
Canonical Wnt signaling may be justifiably defined in the 
sense of involving components such as LRP co-receptors and, 
of course, P-Catenin and its partners in the nucleus. Non- 
canonical Wnt signaling—it now appears—is really only 
defined by not involving B-Catenin and is a collective term 
for every other form of Wnt signaling. Cracks in the wall sep- 
arating canonical from non-canonical Wnt signaling particu- 
larly appear where they share pathway components as shown 
by work in Xenopus, such as Disheveled (Rothbacher et al., 
2000; Sokol, 1996; Wallingford et al., 2000) or Frizzled 7 
functioning at the crossroads of different Wnt pathways 
(Medina et al., 2000; Medina and Steinbeisser, 2000). 

Furthermore, some components of one pathway inhibit 
the activity of the other. NFAT, for example, is a calcium- 
sensitive transcription factor activated by Wnt/calcium 
signaling yet also inhibits canonical B-Catenin dependent 
signaling in several models (Huang et al., 2011; Saneyoshi 
et al., 2002; Wang et al., 2013). Nemo-like Kinase is acti- 
vated by Wnt/calcium signaling involving CamKII, and 
this finally results in a downregulation of canonical Wnt/ 
P-Catenin signaling (Ishitani et al., 2003). Taken together, 
these and other cross-regulatory effects between canonical 
and non-canonical Wnt signaling resulted in the idea of a 
Wnt signaling network (Kestler and Kuhl, 2008). 


Wnt Signaling in Tissue Differentiation 


6.2.4. INTEGRATED UNDERSTANDING OF WNT SIGNALING 


IN VERTEBRATE EMBRYONIC DEVELOPMENT 


While axis establishment and gastrulation assays have 
served to study fundamental pathway mechanisms in gene 
regulation and control of morphogenesis, at the same time, 
Xenopus experiments have contributed to our general under- 
standing of wider functional roles for Wnt signaling in ver- 
tebrate embryonic development, such as: (1) mesoderm 
induction (e.g. Liu et al., 2005; Schohl and Fagotto, 2003) 
and patterning (e.g. Hoppler et al., 1996); (2) patterning of the 
neural plate (Domingos et al., 2001; McGrew et al., 1997), 
including neural crest induction (LaBonne and Bronner- 
Fraser, 1998) and migration (De Calisto et al., 2005), as well 
as midbrain development (Kunz et al., 2004); and (3) organ- 
ogenesis of the eye (Maurus et al., 2005; Rasmussen et al., 
2001), kidney (Lyons et al., 2004; Saulnier et al., 2002), and 
heart (Marvin et al., 2001; Schneider and Mercola, 2001) 
(see section IIA). These investigations have led to a com- 
prehensive and integrated understanding of Wnt signaling in 
embryonic development of a typical model vertebrate. 


6.3. RECENT ADVANCES 


Xenopus research continues to make contributions at the 
very forefront of new and important discoveries about 
Wnt signaling. For example, it has been a mystery how 
Wnt proteins with hydrophobic protein structures are able 
to establish a signaling gradient in the extracellular space 
through tissues. The importance of proteoglycans was dem- 
onstrated with Xenopus embryos, particularly the role of 
extracellular sulfate and acetylate modifications in regulat- 
ing dispersal through tissues of Wnt signals, as well as Sfrp 
proteins (recently reviewed by Mii and Takada, 2020). At 
the membrane, the regulation of receptor turnover and the 
intricate role of R-spondins in Wnt signaling has become 
better understood (Chang et al., 2020; Chen et al., 2020; 
Ding et al., 2018; Szenker-Ravi et al., 2018). Recent genom- 
ics studies (e.g. Nakamura et al., 2016) suggest functions for 
B-Catenin beyond its association with LEF/TCF proteins. 
For example, a functional interplay between Wnt pathway- 
regulated P-Catenin and Sox17 was recently carefully dis- 
sected in Xenopus endoderm patterning (Mukherjee et al., 
2020). Xenopus further contributes toward a more detailed 
understanding of non-canonical Wnt signaling pathways, 
particularly in regulating morphogenetic movements during 
gastrulation and neurulation (e.g. Butler and Wallingford, 
2018; Shindo et al., 2019). Recent fundamental discoveries 
about Wnt signaling in neural crest induction and patterning 
are groundbreaking far beyond the Xenopus model system, 
including pluripotency of neural crest (Buitrago-Delgado 
et al., 2015), surprising functions of Dkk2 (Devotta et al., 
2018), and a role for non-canonical Wnt signaling in neural 
crest cells (Ossipova et al., 2018). Space constraints unfor- 
tunately prevent listing all of the important and excellent 
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research advances that have been facilitated by the Xenopus 
model; in the following sections, three areas are explored. 


6.3.1. WNT SIGNALING IN CARDIAC ORGANOGENESIS 


Work in Xenopus was instrumental for deciphering roles 
for Wnt signaling during heart development (reviewed by 
Hoppler and Conlon, 2020; Hoppler et al., 2014). Whereas 
initial work focused on the role of inhibitors of canonical sig- 
naling (Marvin et al., 2001; Schneider and Mercola, 2001), our 
two laboratories were the first to identify and confirm a role 
for non-canonical Wnt signaling during this process (Afouda 
et al., 2008; Pandur et al., 2002). Wnt11b as an extracellular 
ligand together with JNK and PKC as intracellular signaling 
mediators were shown to be involved in this process (Pandur 
et al., 2002). Our work also showed how Wnt11b is tied into 
a network of GATA transcription factors during this early 
phase of cardiac development (Afouda and Hoppler, 2011; 
Afouda et al., 2008). This initial finding in Xenopus was later 
confirmed in other biological models including murine and 
human embryonic stem cells (Mazzotta et al., 2016). 

Later during cardiac development, Wntlla is important 
for terminal differentiation (Gessert et al., 2008; Hempel et 
al., 2017), ventricular trabeculation, and outflow tract forma- 
tion both in Xenopus (Hempel et al., 2017) and mice (Nagy 
et al., 2010; Zhou et al., 2007). Of interest is the finding that 
the cell adhesion molecule Alcam turned out to be critically 
involved in this process (Gessert et al., 2008; Hempel et al., 
2017). During the normal cardiac differentiation program, 
Wntlla is regulated by the canonical Wnt signaling inhibitor 
Dkk1 (Guo et al., 2019). It remains unclear at the moment 
how inhibition of canonical Wnt signaling regulates Wntl la 
expression on a molecular level. 

The precise regulation of both canonical and non- 
canonical Wnt signaling seems to be crucial for cardio- 
genesis. Inhibitors of canonical Wnt signaling, such as 
Dkk1, Crescent, FrzB, and Sizzled, were shown to trigger 
cardiogenesis in Xenopus in overexpression experiments 
(Schneider and Mercola, 2001). In contrast, loss of Dkk1 
experiments indicated its role during cardiac differentiation 
(Guo et al., 2019). Also, the canonical Wnt inhibitor Sfrp1 
turned out to be important to regulate the size of the heart 
muscle during development via regulation of Wnt6 signaling 
(Gibb et al., 2013), as explained in the next section. 


6.3.2. MODELING WNT SIGNALING 


Work in Xenopus was also instrumental for work on math- 
ematical modeling of Wnt signaling. The group of Marc 
Kirschner (Lee et al., 2003) built a mathematical model of 
the pathway, focused on the main intracellular components 
of canonical Wnt signaling with a set of ordinary differen- 
tial equations (ODEs). This first model supported a rigorous 
analysis of this part of Wnt signaling in silico allowing the 
prediction of embryology experiments. Based on experiments 
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performed with egg extracts, the critical role of Axin in 
regulating pathway activity was deciphered. The ODE-based 
model was later extended by including Dkk! and Axin2 
feedback showing that the pathway may show oscillatory 
behavior under some conditions (Wawra et al., 2007). 

A more complex mathematical model describes a Wnt sig- 
naling network with negative cross-regulation of canonical 
and non-canonical Wnt signaling during dorso-ventral axis 
formation in Xenopus. Wntllb was earlier shown to acti- 
vate CamkII and to be required for ventral development 
in Xenopus (Kuhl et al., 2000). However, Wntl1b was also 
shown to be required for dorsal development in Xenopus 
(Tao et al., 2005). This contradiction was resolved by the 
observation that Wnts can activate different signaling 
branches in a concentration-dependent manner; high con- 
centrations of Wnt3a favored canonical, whereas low con- 
centrations favored non-canonical, Wnt signaling (Nalesso 
et al., 2011). Together with the cross-inhibition of different 
Wnt signaling branches, this implicated a switch-like behav- 
ior of the Wnt signaling network (Kestler and Kuhl, 2011). 
Indeed, the function of Wntllb during dorso-ventral axis 
formation could be recapitulated in a mathematical model 
that also reflects the findings of gain- and loss-of-function 
studies in Xenopus (Strang et al., 2017). Taken together, this 
work showed that mathematical models in combination with 
experiments in Xenopus embryos can be used to gain new 
insights into the mechanisms underlying Wnt-mediated sig- 
nal transduction. 

Mathematical models also proved helpful for analyzing 
gene regulatory network architecture involved in embry- 
onic pattern formation. For example, during early heart 
development, Wnt6 signaling is involved in patterning the 
lateral plate, cardiogenic mesoderm into heart muscle (myo- 
cardium, toward the inside), and non-muscular heart tis- 
sue (pericardium, toward the outside) (Lavery et al., 2008). 
Mathematical modeling alerted us that we were missing an 
additional important component, which led to study of the 
role of Sfrpl in this context. We demonstrated that Sfrpl 
interacts with Wnt6 in an intricate gene regulatory network 
(Gibb et al., 2013): Wnt6 signaling from the ectoderm adja- 
cent to the cardiogenic mesoderm promotes nearby peri- 
cardium differentiation and confines sfrp/ expression and 
myocardium differentiation toward the inside of the car- 
diogenic mesoderm. While sfrp/ is initially only expressed 
in a few cells beyond the reach of strong Wnt6-mediated 
repression, after being secreted, Sfprl in turn inhibits Wnt6 
signaling and thus reduces the reach of this Wnt6-mediated 
repression (and pericardium differentiation) and thereby 
increases the myocardium domain. 

Mathematical modeling opened our eyes. While previ- 
ously we had been constrained by our Wnt6-centered per- 
spective, modeling provided us with an alternative outlook: 
wnt6 expression just provides positional information about 
where and how far away the edge of the cardiogenic meso- 
derm is located. sfrp/ expression is really in charge by using 
this positional information to carve out an appropriately 
sized and positioned heart muscle. 


Xenopus 


6.3.3. CONTEXT-SPECIFIC WNT SIGNALING 


Wnt signaling is one of remarkably few molecular cell-to-cell 
signaling pathways that are used repeatedly during embry- 
onic development, both in different embryonic tissues and at 
different stages of development. The early Xenopus embryo 
provided us with an experimentally accessible model system 
to investigate mechanisms determining context-specific Wnt 
signaling function. 

In one example, before zygotic gene activation (ZGA), 
maternal Wnt signaling promotes subsequent dorsal embry- 
onic cell fate (illustrated in the famous axis duplication essay 
discussed previously), yet after ZGA, zygotic Wnt8a func- 
tions to promote essentially the opposite, subsequent ventral 
(and lateral) mesodermal cell fate (reviewed by Zylkiewicz 
et al., 2014). Dorsal-promoting maternal and ventral-promot- 
ing zygotic Wnt8a signaling are both mediated by canonical 
Wnt/B-Catenin pathway mechanisms (Hamilton et al., 2001); 
thus, the relevant context-specific Wnt signaling mechanisms 
are to be found downstream of B-Catenin in the regula- 
tion of presumably two different classes of direct Wnt target 
genes: direct maternal Wnt/B-Catenin target genes (normally 
expressed early in prospective dorsal cells) and direct zygotic 
Wnt8a/P-Catenin target genes (normally expressed later in 
prospective ventrolateral mesoderm). Since nuclear B-Catenin 
is considered the hallmark of active canonical Wnt signaling 
(see previously), genome-wide transcriptome analysis (RNA- 
seq) was combined with mapping of physical P-Catenin pro- 
tein association to gene loci on chromosomes (ChIP-seq) to 
identify direct Wnt/P-Catenin target genes comprehensively in 
these two contexts, before and after ZGA (Afouda et al., 2020; 
Nakamura et al., 2016). Wnt signaling-regulated physical 
B-Catenin protein association to gene loci on chromosomes is, 
surprisingly, not sufficient for transcriptional regulation. Wnt 
signaling initiates B-Catenin association to many gene loci, 
with additional context-specific mechanisms combining with 
Wnt signaling to determine which of these B-Catenin associ- 
ated genes are expressed for the correct context-specific Wnt 
target gene response (Nakamura and Hoppler, 2017). 

Two different classes were originally expected in early 
Xenopus development: dorsal/maternal and ventral/zygotic 
direct Wnt target genes. Our analysis suggests not two but a 
useful definition of about five different classes of direct Wnt 
target genes. This includes two classes of maternal dorsal 
Wnt target genes (both co-regulated by Nodal signaling but 
with genes in the slightly later expressed class additionally 
regulated by products of the slightly earlier expressed class 
in a feed-forward regulatory loop, Afouda et al., 2020); a few 
universal Wnt target genes directly regulated by both dorsal 
maternal and ventral zygotic Wnt signaling (including axin2 
and sp5); and two classes of specific zygotic Wnt8a/P-Catenin 
target genes (Nakamura et al., 2016), one class co-regulated 
by BMP signaling (see also Hoppler and Moon, 1998) and one 
class co-regulated by FGF signaling (Haremaki et al., 2003). 

This reveals quite a remarkable complexity of Wnt tar- 
get genes for just the early stages of Xenopus embryonic 
development. 


Wnt Signaling in Tissue Differentiation 


6.4. FUTURE DIRECTIONS AND IMPORTANT 


QUESTIONS 


6.4.1. WNT INTERACTIONS WITH OTHER SIGNALING 


PATHWAYS 


Historically, the canonical Wnt signaling pathway was 
described, and later B-Catenin-independent pathways were 
added that were thought to act independently of each other. 
As described previously, multiple pieces of evidence indi- 
cated that these different branches of Wnt signaling are in 
fact highly connected and that Wnt signaling should be rep- 
resented as a signaling network. Recent evidence suggests 
that, in addition, Wnt signaling interacts with other signal- 
ing pathways. First, YAP and TAZ—two components of the 
Hippo signaling pathway—were found to associate with the 
destruction complex (Azzolin et al., 2014), as well as other 
Wnt signaling components (reviewed in Piccolo et al., 2014). 
Second, Disheveled recently was shown to interact with 
Ephrin signaling, specifically with SipalL3, an interactor of 
Epha4 (Rothe et al., 2017). This interaction was shown to 
be crucial for proper eye development in Xenopus embryos 
by balancing Wnt signaling. This study also raised the 
possibility that Disheveled may interact with other signal- 
ing pathways such as Notch, a notion supported by earlier 
Xenopus experiments that demonstrated an inhibitory cross- 
regulation between Wnt and Notch signaling (Collu et al., 
2012). Taken together, these examples illustrate that in-depth 
analyses of the molecular mechanisms underlying the cross- 
talk of Wnt signaling with other signal pathways, such as 
Hippo, Ephrin, and Notch, warrant further investigation. 


6.4.2. REGULATION OF GENE EXPRESSION BY 


Non-CANONICAL WNT SIGNALING 


Non-canonical Wnt signaling is narrowly considered by 
many researchers to be the Wnt/PCP pathway regulating cell 
polarity and cell migration by modulating the cytoskeleton 
or the polarized sub-cellular distribution of its components. 
However, since some components of the non-canonical Wnt 
signaling pathway, such as JNK, CamKII, or Calcineurin, 
are also known to be involved in gene regulation, does non- 
canonical Wnt signaling directly regulate gene expression? 
The first genes thought to be regulated at the transcrip- 
tional level by non-canonical Wnt, via JNK, were PAPC 
(Feike et al., 2010; Schambony and Wedlich, 2007) and 
EAF 2 (Maurus et al., 2005) in Xenopus and TGFB2 (Zhou 
et al., 2007) in mice. Since JNK regulates phosphorylation of 
the transcription factor ATF2, an ATF2-luciferase reporter 
was used to map non-canonical Wnt signaling in Xenopus 
embryos (Ohkawara and Niehrs, 2011). Further, using dorsal 
marginal zone explants deficient of either WntSa or Wnt11, 
Gradl and colleagues recently identified pbk as a Wnt5a 
target gene, whereas rablIfip5 was shown to be a specific 
Wntl 1b target gene (Wallkamm et al., 2016). 

The likely best-described target gene of non-canoni- 
cal Wnt signaling is given by the cell adhesion molecule 
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ALCAM. First identified in a screen for non-canonical Wnt 
target genes (Prieve and Moon, 2003), it was later found to 
be regulated by Wntlla during cardiogenesis in Xenopus 
(Gessert et al., 2008). This finding was subsequently con- 
firmed in the zebrafish (Choudhry and Trede, 2013). In fol- 
low-up studies, the promotor of alcam was isolated in the 
Xenopus system. A Frizzled3 responsive element was identi- 
fied by the use of reporter gene assays. This element is regu- 
lated through ATF2 and Pax2 in the Xenopus pronephros 
and chromatin IP experiments confirmed in vivo binding ina 
non-canonical Wnt-dependent manner (Cizelsky et al., 2014). 
In the Xenopus eye, this gene also was found to be regulated 
through non-canonical Wnt (Seigfried et al., 2017). 

These studies raise the important question: Are there spe- 
cific non-canonical Wnt cis-regulatory responsive elements 
on DNA level? It will be an important and fundamental 
research question for the future to determine to what extent 
non-canonical Wnt signaling regulates gene expression and 
to identify unifying underlying mechanisms. Recent loss-of- 
function experiments in Xenopus have shown that Wnt5a or 
Wntl1lb regulate fewer genes than canonical Wnt signaling 
(Wallkamm et al., 2016), demonstrating in principle that 
Xenopus is a very suitable model in which to answer these 
questions. 


6.4.3. INTEGRATION OF WANT SIGNALING 


INTO THE EMBRYONIC SIGNALING AND 
REGULATORY ENVIRONMENT 


The recent identification of direct Wnt target genes (e.g. 
Afouda et al., 2020; Nakamura et al., 2016) highlighted the 
importance of the co-regulatory environment in the embryo 
to ensure that Wnt target genes are expressed at the right time 
and in the right place. Recent articles have demonstrated 
that Xenopus is a leading experimental model for investi- 
gating the embryonic function and molecular mechanisms 
of such combinatorial regulation of Wnt target gene expres- 
sion, such as with FGF signaling (Kjolby et al., 2019) or with 
BMP signaling (Polevoy et al., 2019) but also to dissect the 
role of chromatin modification (Hontelez et al., 2015) and, 
most likely related to that, chromatin accessibility (Esmaeili 
et al., 2020). 


6.4.4. XENOPUS AS A MODEL FOR HUMAN DISEASE 


CRISP/R-mediated gene editing technology has clearly 
transformed the potential for Xenopus research to model 
human disease, including some involving Wnt pathway 
mechanisms. This approach was pioneered with TALEN- 
mediated gene editing of the apc gene in Xenopus tropica- 
lis to create an animal model that successfully phenocopied 
Familial Adenomatous Polyposis (Van Nieuwenhuysen et 
al., 2015). Xenopus experiments discovered the molecular 
connection between EMCI variants in patients and Wnt 
signaling and neural crest development consistent with the 
observed diverse birth defects (Marquez et al., 2020). Several 
heterotaxy-correlated birth-defect candidate genes have also 
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recently been linked to Wnt signaling by Xenopus experi- 
ments, such as RAPGEFS (Griffin et al., 2018) and AGMO 
(Duncan et al., 2019). These examples clearly demonstrate 
the enormous potential for Xenopus to model human disease 
related to the Wnt signaling network. 
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7.1. HISTORICAL BACKGROUND the first vertebrate homologue, notch1, was isolated from 


The Notch pathway is a key cell-cell communication 
mechanism utilized during metazoan development. Its 
outcome depends on cell context: it can inhibit or promote 
cell fates, cell proliferation, or cell death through ligand- 
receptor signaling between neighboring cells (Kopan 
and Ilagan, 2009). The story of Notch began when John 
S. Dexter, in Thomas Hunt Morgan's laboratory, found 
a mutant phenotype in Drosophila with characteristic 
serrations at the wings” ends, which he called Perfect 
Notched (Dexter, 1914; Bridges and Morgan, 1916). This 
was caused by the disruption of a dominant sex-linked 
gene resulting in male lethality, which received the name 
Notch in subsequent publications (Bridges and Morgan, 
1916; Morgan, 1917; Mohr, 1919). In the 1930s, Donald 
Poulson studied the lethal phenotype and noticed aber- 
rant germ layer development (Poulson, 1937). This was 
later interpreted as a switch in ectodermal cell fate from 
dermoblast to neuroblast, since different mutant alleles 
of Notch, Delta, mastermind, neuralized, Enhancer of 
split, almondex, and big brain resulted in nervous system 
hypertrophy at the expense of the epidermis (Lehmann 
et al., 1983). These so-called “neurogenic” genes are all 
involved in the Notch pathway and have vertebrate coun- 
terparts (flybase.org; Lehmann et al., 1983; Thurmond 
et al., 2019). 

Seven decades after Dexter’s discovery, the fly Notch 
gene was cloned (Artavanis-Tsakonas et al., 1983), and 
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Xenopus laevis (Coffman et al., 1990). Frog experiments 
using a construct lacking the extracellular domain pro- 
vided the first clues that the Notch intracellular domain 
(NICD) mediates signal transduction (Coffman et al., 
1993). This truncation resulted in a gain-of-function phe- 
notype that affected germ layer development. Cloning 
the Xenopus gene encoding a ligand, Delta-like-1 (D111), 
demonstrated that Delta/Notch signaling plays a neuro- 
genic role in vertebrates through lateral inhibition, as 
previously defined in Drosophila (Chitnis et al., 1995; 
Campos-Ortega, 1985; Lewis, 1998). Because of its rela- 
tive simplicity, primary neurogenesis in Xenopus pro- 
vided an ideal paradigm for Notch pathway research and 
for unraveling the molecular and cellular bases of verte- 
brate neural development. Since these ground-breaking 
studies, the accessibility of Xenopus embryos has made 
them an outstanding model for revealing the role of the 
Notch pathway in multiple developmental processes and 
for testing heterologous molecules from different species 
such as mouse and human, wild-type and mutant forms 
of pathway components, and to study their function and 
biochemical modulation in vivo (Ali et al., 2014; Hein et 
al., 2015; Oswald et al., 2016). 


7.2. THE NOTCH PATHWAY 


Most of what is known about Notch signaling can be catego- 
rized in either canonical or non-canonical pathways. 
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7.2.1. CANONICAL NOTCH SIGNALING 


Excellent reviews describe the typical mechanism by 
which Notch signals, which is summarized in Figure 7.1A 
(Davis and Turner, 2001; Lai, 2004; Fortini, 2009; Kopan 
and Ilagan, 2009; Jorissen and De Strooper, 2010; Kovall 
and Blacklow, 2010; Tanigaki and Honjo, 2010; Groot and 
Vooijs, 2012; Bray, 2016). In the absence of signaling, a 
complex containing the DNA-binding protein RBPJ and 
co-repressors occupies the enhancers of Notch targets to 
silence them by recruiting histone deacetylases (HDACs) 
or other chromatin-modifying enzymes. When the mature 
Notch receptor is bound by a ligand, Delta (DII), or Jagged 
(Jag), presented by the sending cell undergoes a conforma- 
tional change that exposes a cleavage site in its extracellu- 
lar domain, which is then cleaved by a membrane-tethered 
ADAM metalloprotease. This renders a membrane-teth- 
ered Notch intermediate (Notch extracellular truncation, 
NEXT), which is cleaved at the transmembrane domain 
by a y-Secretase enzyme complex, whose active subunit is 
Presenilin (Psen). This releases the NICD, which enters the 
cell nucleus and forms a complex with RBPJ that recruits 
the co-activator Mastermind-like (MAML), displacing 
the RBPJ repressor complex and activating Notch-targets. 
Typically, Notch targets are members of the hes/hey gene 
families encoding bHLH-Orange (bHLH-O) transcrip- 
tional repressors. 

Hes/Hey bHLH-O transcription factors (TFs) bind to 
their target DNA sequence through the basic domain, 
and also achieve transcriptional repression via: (1) a 
C-terminal tetrapeptide motif WRPW/Y that recruits 
transcriptional co-repressors of the TLE/Groucho fam- 
ily and (2) the Orange domain, located just C-terminal 
to the bHLH domain, that controls selection of the bHLH 
partner for heterodimerization. Hes proteins form homo- 
or heterodimers with Hey proteins and repress transcrip- 
tion actively or passively. Active repression involves 
DNA binding to the N box (CACNAG) or the class C site 
[CACG(C/A)G] and recruitment of TLE/Groucho co- 
repressors. Passive repression involves heterodimeriza- 
tion with other bHLH factors like E47. The WRPW motif 
is also necessary for polyubiquitylation, which confers 
short half-lives to Hes proteins by proteosome degrada- 
tion, a key feature for their oscillatory expression during 
somitogenesis (see Section 3.6) (Davis and Turner, 2001; 
Bertrand et al., 2002; Huang et al., 2014; Kageyama et 
al., 2007; Imayoshi and Kageyama, 2014). Notably, Heyl 
lacks the WRPW motif and does not bind TLE/Groucho 
(Pichon et al., 2004). 

The traditional description of how the Notch path- 
way is used during development includes the following 
(Figure 7.1B). (1) In lateral inhibition, Notch prompts 
binary cell fate choices in cell populations of equal devel- 
opmental potential. The ligand-sending cell signals to its 
neighbors, which in response repress ligand expression, 
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“ligand-sending cell fate,” and acquire an alternative fate 
or remain as uncommitted precursors. This usually results 
in salt-and-pepper patterns of cells of different fates, with 
roughly regular spacing between specific cell types. (2) In 
lateral induction, the ligand-sending cell induces ligand 
expression in its neighbors and instructs them to adopt the 
same fate. This propagates a cascade of Notch activation 
through a field of adjacent cells. Also, some cases of bound- 
ary formation between two cell populations involve lateral 
induction (Lewis, 1998; Gazave et al., 2009; Sjöqvist and 
Andersson, 2019). These models sometimes are insufficient 
to explain the complex mechanisms controlled by Notch 
(Favarolo and López, 2018). 


7.2.2. NON-CANONICAL NOTCH SIGNALING 


Several core components of the canonical Notch pathway 
also function in what are collectively known as non-canon- 
ical pathways; these are likely part of ancestral mecha- 
nisms for regulating cell differentiation in metazoans since 
the canonical pathway did not appear until the bilaterian 
lineage (Layden and Martindale, 2014). Non-canonical 
pathways have been described in different cell contexts 
and a variety of animal models, including (1) activation of 
Notch targets through NICD without RBPJ participation; 
(2) activation of Notch targets without NICD participation, 
with or without RBPJ mediation (Sanalkumar et al., 2010; 
Tanigaki and Honjo, 2010); (3) interaction with atypical 
ligands, atypical nuclear cofactors, and other signaling 
pathways (D’Souza et al., 2010; Heitzler, 2010); and (4) 
non-nuclear Notch activities, independent of typical ligand 
interaction and RBPJ-mediated transcription, involving 
the cytoplasmic tyrosine kinase Abl (Heitzler, 2010) or 
P-Catenin destabilization (Hayward et al., 2005; Hayward 
et al., 2008; Sanders et al., 2009; Muñoz-Descalzo et al., 
2010; Acosta et al., 2011; Kwon et al., 2011). The latter was 
first described in Xenopus in the context of axis formation 
(see Section 3.1). 


7.3. NOTCH SIGNALING DURING 


XENOPUS EMBRYOGENESIS 


The Xenopus laevis and tropicalis genomes contain four 
Notch receptor genes (notch1-4), three Delta-like ligand 
genes (dlll, dlc, dll4), and two Jagged ligand genes (jag/, 
jag2) (Michiue et al., 2017; Karimi et al., 2018) (Table 
7.1) (Figure 7.1). Members of two groups of hes/hey genes 
(heyl/hey2/hey-L and hes1-7) (Figure 7.2) are regulated 
by the canonical Notch pathway (Davis and Turner, 2001; 
Zhou et al., 2012) (Table 7.2). Most of them are up-regu- 
lated by Notch, but atypical responses were described for 
a few hesl—7 genes (Tables 7.2, 7.3). In addition, cross- 
regulation between Xenopus hes/hey genes was described 
(Table 7.4). 
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The canoncial Notch signaling device, expression of Notch receptors and ligands during early embryogenesis, and com- 


ponents of the Notch pathway during somitogenesis in Xenopus. (A) Simplified scheme showing the canonical Notch signaling pathway 
in vertebrates. CoA, co-activators; CoR, co-repressors; see additional abbreviations in the main text. (B) Modes of action of Notch 
signaling. (C) Early expression patterns of Notch receptors and ligands in Xenopus. References for building the expression domain’s 
diagrams (left) are listed in Table 7.1. Quantitative expression profiles from Xenopus laevis (average TPM values from Taira and Ueno 
samples) were plotted with RefSeq data extracted from (Session et al., 2016) (right column). Abbreviations for Figure 7.1C and Figure 
7.2: a, anterior; An, animal; anb, anterior neural border; anf, anterior neural fold; ang, anterior neural groove; angb, anterior neural 
groove border (prospective ventral forebrain and ventral midbrain) (Lahaye et al., 2002); anp, anterior neural plate; anr, anterior neural 
ridge; (d), deep layer; dbl, dorsal blastopore lip; dmz, dorsal marginal zone; ee, epidermal ectoderm; ego, early gastrula organizer; fp, 
floor plate; i, intermediate domain of primary neurogenesis; imz, involuting marginal zone; 1, lateral domain of primary neurogenesis; 
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FIGURE 7.1 (Continued) 

(1), lateral; lgo, late gastrula organizer; m, domain of primary neurogenesis adjacent to the midline; me, future mesencephalon; mhb, 
midbrain/hindbrain boundary; ncc, neural crest cells; ncb, neural crest boundaries; nb, neural border; nimz, non-involuting marginal 
zone; np, neural plate; npe, neural plate edge; (p), posterior; pm, prechordal mesoderm; psms, presomitic mesoderm stripe (indicative of 
somitogenesis); ppe, pre-placodal ectoderm; psm, pre-somitic mesoderm; prhc, prospective hypochord; prngb, prospective neural groove 
border; (s), superficial layer; Veg, vegetal; t, trigeminal ganglion. D. Expression of Notch pathway genes during Xenopus somitogenesis. 
Upper diagram: summary of the somitogenesis domains (left) and the expression of Notch pathway genes compared with RA and FGF/ 
Wnt opposite gradients and other relevant segmentation genes discussed in the text (right) (adapted from Sparrow, 2008, with additional 
information from references listed in Table 7.12 and Kondow et al., 2007; Hitachi et al., 2008; Hitachi et al., 2009; Goda et al., 2009). 
Before segmentation, Xenopus myotomal cells form a parallel array that lies perpendicular to the embryonic long axis and undergoes a 
90-degree rotation associated with the appearance of the intersegmental furrow during segmentation (left). A consistent nomenclature 
for somitogenesis domains and the distinct phases of cyclic gene expression in the presomitic mesoderm (PSM) was conventionally 
adopted for all vertebrate species (Pourquié and Tam, 2001) (right). In the already segmented paraxial mesoderm, somites are numbered 
with Roman numerals, with SI the most recently formed one. SO is the most anterior presumptive somite in the PSM, which is about to be 
segmented, followed caudally by prospective somites sequentially numbered with negative Roman numerals. Borders between prospec- 
tive somites (B) are numbered with negative Arabic numerals, with BO the intersegmental fissure between SI and the PSM (Pourquié and 
Tam, 2001). The PSM is divided into three regions, according to gene expression patterns. The region encompassing SO to S-II is known 
as the somitomere region; S-II and S-IV make up the transition zone (TZ); caudal to the TZ is the tailbud domain (TBD), populated by 
immature paraxial mesoderm cells (Moreno and Kintner, 2004; Sparrow, 2008). As the embryo elongates caudally, new paraxial cells 
are produced at the caudal tip of the TBD and are displaced anteriorly (arrows), gradually occupying the TZ, then forming somitomeres 
(S-III through SO) and finally segregating as a mature somite (S1) from the anterior end of the PSM. Gene expression domains are shown 
with black/gray bars. Known oscillating behavior is indicated by a circle with double arrows. When the expression of a gene was not 
studied with enough detail to assign a precise location, asterisks indicate their approximate expression. See Table 7.12 for more details. 
Lower diagrams: typical expression phases of the oscillatory genes dic and hes5.6 in the Xenopus PSM. 


Source: Adapted from Durston et al. (2018), Kirby et al. (2003). 
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FIGURE 7.2 Early expression patterns of hes4—7 and hey genes in Xenopus. References for building the expression domain diagrams 
(left) are listed in Table 7.2. Quantitative expression profiles from Xenopus laevis (average TPM values from Taira and Ueno samples) 
were plotted with RefSeq data extracted from (Session et al., 2016) (right column). See abbreviations in Figure 7.1 legend. 
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TABLE 7.1 
Main Components of the Notch Pathway in Xenopus 


Components of the Notch pathway present in Xenopus tropicalis and Xenopus laevis with current nomenclature were obtained from Michiue et al. 
(2017) and Xenbase (www.xenbase.org/, RRID:SCR_003280; Karimi et al., 2018). Until very recently, it was believed that only three of the four 
mammalian orthologues encoding Notch receptors were present in the Xenopus genome (Michiue et al., 2017). However, a gene model for notch4 
recently appeared in Xenbase. Besides, the X. laevis dll4 gene was wrongly identified as a singleton in the transcriptomic analysis of Session et al. 
(2016; Michiue et al., 2017). Two rbpj isoforms were identified in X. laevis. Originally, they were termed XSu(H)1 and XSu(H)2 (Wettstein et al., 
1997; Ito et al., 2007a; Ito et al., 2007b). Transcripts differ in their 5° UTRs, but their predicted protein sequences are almost identical, except for a 
20 residue length difference at their N-termini (Wettstein et al., 1997; Ito et al., 2007a). With the availability of the X. laevis genome, now it is 
possible to predict that both are variants from the RBPJ.S homeolog. XSu(H)2 is referred to as rbpj.S-v2 to distinguish it from the XSu(H)/ variant 
(referred to as rbpj.S-v1) that was studied elsewhere since Wettstein et al. (1997); it is now clear that X. laevis also has an rbpj.L homeolog 
(Michiue et al., 2017). The first (S1 cleavage) of Notch occurs in the secretory pathway, where a furin-like convertase processes the Notch 
full-length polypeptide. This generates the mature receptor, consisting of a NECD-NTMIC heterodimer (Notch extracellular domain-Notch 
transmembrane and intracellular domain), with both polypeptides bound by non-covalent interactions. ADAM 10 is the best confirmed candidate in 
cleaving the mature receptor at the S2 site in the extracellular domain, as a consequence of ligand binding (Groot and Vooijs, 2012). Other core 
components of the pathway are discussed in more detail in the text. 


Main Components of the Notch Pathway X. tropicalis X. laevis Synonyms Expression (References for Figure 7.1) 
(homeologs) 
Notch notch! notch1.L L: LOC108698191 (Chitnis et al., 1995; Andreazzoli et al., 
notch1.§ S: notch, xotch, xnotch, 2003; López et al., 2003; Yan and 
notch-1, xnotchl, Moody, 2007; Miazga and McLaughlin, 
£ x-notch-1 2009; Castro Colabianchi et al., 2018) 
E notch2 notch2.L ags2 (Ogino et al., 2008) 
2 notch2.S 
e notch3 notch3.L casil, cadasil 
notch3.S 
notch4 notch4.L L: loc108700568 
notch4.S S: loc100488695 
Delta-like dlll dlll.L X-delta-1, deltal, delta-1, (Chitnis et al., 1995; Beck and Slack, 1998; 
dll1.S Xdelta-1, XDeltal, Howell et al., 2002; López et al., 2005; 
x-delta, Delta-1, Xdeltal Nichane et al., 2008b; Ogino et al., 2008) 
dic dlc.L x-delta-2, delta-2, delta2, (Jen et al., 1997; Peres and Durston, 2006; 
Z dlc.S X-Delta, dll3 Peres et al., 2006; Ogino et al., 2008; 
S Onai et al., 2015) 
= dll dll4.L delta 2 
dll4.S 
Jagged jagl jagl.L X-Serrate-1, serrate-1, (Kiyota et al., 2001) 
jagl.S serrate, jaggedl 
jag2 jag2.L 
jag2.S 
Furin furin furin.L PACE, spcl, xfurin 
(S1 cleavage, secretory pathway) furin.S 
2 ADAM-secretase adam10 adaml0.L xadaml0, kuz, ad10, madm, 
ES (S2 cleavage) adaml0.S cd 156c, kuzbanian 
2 Presenilin (the active subunit of  psenl psenl.L L: presenilin-alfa, 
= the y-secretase complex, S3 psenl.S X-PS-alpha 
cleavage) psen2 psen2.L S: presenilin-beta, X-PS-beta 
psen2.S 
g RBPJ rbpj rbpj.L X-Su(H), XSu(H), SUCE), 
Š rbpj.S suppressor of hairless, 
ES rbpsuh, CBF], csl, lag-1, 
as CBF-1 
= L: LOC108698058; S: 
X-Su(H)l and 2 
_ Mastermind-like (MAML) mamll mamll.L XMaml, Mastermindl, 
E 3 mamll.S maml, mam-l, 
E E Mastermind 
5 E maml2 maml2.L 
5 È maml2.S 
E maml3 maml3.L 


maml3.S 
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TABLE 7.2 

Genes of the hes1-7 and hey Groups in the Xenopus tropicalis and Xenopus laevis Genomes and Their Responsiveness 
to Notch Signaling 

Data for building the list of genes were obtained from Watanabe et al. (2017) and Xenbase (xenbase.org, RRID:SCR_003280; Karimi et al., 2018). The 
nomenclature proposed by Watanabe et al. (2017) was based on phylogenetic and syntenic analyses that revealed that the old names were misleading. The 
current nomenclature in Xenbase coincides with that proposed by Watanabe et al. (2017), except for hes7.3, which is still named esr5 in Xenbase. Therefore, 
this gene is referred to as hes7.3/esr5 throughout the chapter. Whenever possible, the correspondences of L and S homeologs with old synonyms were checked 
according to RefSeqs and are indicated. See Table 7.3 for details of experimental evidence of Notch responsiveness. esr9b (accession no. AB211547) was 
considered in Takada et al. (2005) as a possible esr9 pseudoallele and was called thereafter as esr9 for simplicity in that publication, leading to confusion with a 
different gene, hes5.6.L, which was also previously called esr9. The sequence AB211547 corresponds to Xenbase:X B-GENE-6253435 or hes5.7.L. The X. 
laevis gene formerly known as hes9.1.S is indeed on the L chromosome and is currently named hes5.8.L (Watanabe et al., 2017). 


X. tropicalis X. laevis Synonyms Notch Responsiveness Expression (References for Figure 7.2) 
hesl hes1.L hairyl, Xhairyl, hes-1 Positive (Andreazzoli et al., 2003; Vega-López et al., 2015; 
hes1.S L: hesl-a; S:hes1-b Hardwick and Philpott, 2019) 
hes2 hes2.L Xhes2 Positive (Sólter et al., 2006; Riddiford and Schlosser, 2016) 
hes3 hes3.L Positive (Hong and Saint-Jeannet, 2018) 
hes3.S 
hes4 hes4.L Xhairy2, hairy2, H2 Positive (Turner and Weintraub, 1994; Tsuji et al., 2003; López et 
hes4.S E: hairy2b, Xhairy2b, hes4b, al., 2005; Murato et al., 2007; Nichane et al., 2008b; 
hes4-b; S: hairy2a, XHairy2a, Nichane et al., 2008a; Murato and Hashimoto, 2009; 
hesda, hes4-a Aguirre et al., 2013; Vega-López et al., 2015) 
hes5.1 hes5.1.L esrl, esr-1, XESR-1 Positive (Lamar et al., 2001; Takada et al., 2005; Kuriyama 
hes5.1.S L: hes5-like; S: ESRIb et al., 2006; Blewitt, 2009; Maguire et al., 2012) 
hes5.2 hes5.2.L bHLHb38, esr3. L: esr7, esr-7, Positive (Nieber et al., 2013; Heeg-Truesdell and LaBonne, 
hes5.2.5 hes5.2-a; S: ESR3/7b, hes5.2-b 2006) 
hes5.3 hes5.3.L L: esr2, hes3.3 Positive (Hayata et al., 2009; Blewitt, 2009; Maguire et al., 2012) 
hes5.3.S 
hes5.4 hes5.4.L hes8 Positive (Riddiford and Schlosser, 2016) 
hes5.4.S 
hes5.5 hes5.5.L L: HES-5-like, hes10.L; S: Positive (Gawantka et al., 1998; Miazga and McLaughlin, 
hes5.5.S esrl0.S, esrl0xb, 11A10 2009; Nieber et al., 2013) 
hes5.6 hes5.6.L L: hes9.1.L, esr9, 8C9; S: hes-5 Positive (Gawantka et al., 1998; Li et al., 2003; Miazga and 
hes5.6.S like McLaughlin, 2009; Riddiford and Schlosser, 2016) 
hes5.7 hes5.7.L esr9, hes9.1-b. L: ESR9b, Positive (Takada et al., 2005; Taverner et al., 2005; Xenbase 
hes5.7.S hes9.1.8; S: HES-5-like vX1 community submitted by Nicolas Pollet; Karimi et al., 
2018; www.xenbase.org/, RRID:SCR_003280) 
hes5.8 hes5.8.L Xtr: loc100495414 Unknown (Pollet et al., 2005; Xenbase community submitted 
hes5.8.5 Xla: L: loc108696616; S: by Nicolas Pollet; Karimi et al., 2018; www. 
loc108697696, hes5_x2 xenbase.org/, RRID:SCR_003280) 
hes5.9 hes5.9.L Xtr: loc733709 Unknown (Kjolby and Harland, 2017) 
hes5.9.S Xla: L: loc108696614; S: 
loc108697697, hes5_x1 
hes5.10 hes5.10.L esr6e, esr-6e. L: hes3.1.L; S: Positive (Chalmers et al., 2002; Chen et al., 2005; Xenbase 
hes5.10.S hes3.1.S Atypical response to community submitted by Naoto Ueno; Karimi et al., 
RBPJ 2018; www.xenbase.org/, RRID:SCR_003280) 
hes6.1 hes6.1.L XHes6, Xhes-6. L: clone 29B3-2; Negative (Koyano-Nakagawa et al., 2000; Cossins et al., 2002; 
hes6.1.S S: clone 10C6 Hufton et al., 2006; Murai et al., 2007; Murai et al., 
2011; Kjolby and Harland, 2017) 
hes6.2 hes6.2.L Negative, Positive 
hes6.2.S 
hes7.1 hes7.1.L HES-related 1, XHR1 Positive (Shinga et al., 2001; Takada et al., 2005) 
hes7.1.S 
hes7.2 hes7.2.L esr4, ESR-4, enhancer-of-split- Positive (Gawantka et al., 1998; Taverner et al., 2005; Peres 
hes7.2.S related 4, ESR 4 et al., 2006; Xenbase community submitted by 
Naoto Ueno; Karimi et al., 2018; www.xenbase. 
org/, RRID:SCR_003280) 
hes7.3/esr5 hes7.3.L/esr5.L L: esr5, x-esr5, Xesr5, ESR 5 Negative, Positive (Taverner et al., 2005; Blewitt, 2009; Kinoshita et al., 
hes7.3.S/esr5:S 2011; Kjolby and Harland, 2017; Janesick et al., 2017) 
heyl heyl.L hrtl, XHRTI, chf2, hrt-1, hesrl, Positive (Pichon et al., 2002) 
hey1.S herp2, oafl, bc& 


hey2 hey2.L hesr2, gridlock Unknown 


TABLE 7.3 
Experimental Evidence for the Responsiveness of hes1-7 and hey Genes to the Notch Pathway in Xenopus 


No references were found for hes5.8, hes5.9, and hey2 regulation by the Notch pathway in Xenopus, and therefore they are not listed in this table. Abbreviations for Tables 7.3 to 7.12: AP, anterior-posterior; aPM, 
anterior prechordal mesoderm; ANB, anterior neural border; bHLH, basic helix-loop-helix; ChIP, chromatin immunoprecipitation; CHX, cycloheximide (an inhibitor of protein synthesis); Dex, dexamethasone; 
DIMZ, dorsal involuting marginal zone; d/// STU, antimorph of dil/, lacking the intracellular domain (Chitnis et al., 1995); DML, dorsal midline; DMZ, dorsal marginal zone; DN, dominant-negative; DBM, DNA 
binding mutant; DNIMZ, dorsal non-involuting marginal zone; ElA constructs, protein of interest fused to the activation domain of the human type 5 adenovirus Ela protein; EnR constructs, protein of interest fused 
to the Drosophila Engrailed repressor domain; ER-constructs, hormone-inducible forms of proteins with nuclear functions under the control of the ligand-binding domain of the human estrogen receptor. These 
recombinant fusion proteins translocate to the cell nucleus when estradiol (E2) is added to the culture medium at the desired NF stage; FP, floor plate (ventral midline of the neural tube); GO, gastrula organizer; 
GR-constructs, hormone-inducible forms of proteins with nuclear functions under the control of the ligand-binding domain of the human glucocorticoid receptor. These recombinant fusion proteins translocate to the 
cell nucleus when Dex is added to the culture medium at the desired NF stage; GR-NJCD 1-22: hormone-inducible form of the X. laevis Notch] intracellular domain (Wettstein et al., 1997); HDAC, histone 
deacetylase; HUA, hydroxyurea and aphidicolin (strong inhibitors of cell proliferation); ICD, intracellular domain; IMZ, involuting marginal zone; ISH, in situ hybridization; MHB, midbrain/hindbrain boundary; 
MO, antisense morpholino oligonucleotide; NB, neural border; NCCs, neural crest cells; NF, Nieuwkoop and Faber stage of development in Xenopus; NICD, Notch intracellular domain (NICD constructs are 
constitutively active); NIMZ, non-involuting marginal zone; notch1-AE, notch1 construct without most of the extracellular domain, constitutively active; pH3, phosphorylated form of histone H3 (marker of cell 
proliferation); PN, primary neurogenesis; PPE, pre-placodal ectoderm; pPM, posterior prechordal mesoderm; PSM, presomitic mesoderm; RA, retinoic acid; RAR, retinoic acid receptor; RBPJ, recombination signal 
binding protein for immunoglobulin kappa J region, transcription factor that mediates canonical Notch signaling; RBPJ-Ank: constitutively active form of the transcription factor RBPJ, consisting of the X. /aevis 
Notch! ankyrin repeats fused to the C-terminus of X. laevis RBPJ (Wettstein et al., 1997); RBPJDBM, DNA binding mutant form of X. laevis RBPJ that binds to NICD but lacks the ability to bind target sites in the 
DNA and acts as a dominant-negative protein by forming non-functional complexes (Wettstein et al., 1997); sq, semiquantitative; TBD, tailbud region of the presomitic mesoderm; TF, transcription factor; TZ, 
transition zone of the presomitic mesoderm; VMZ, ventral marginal zone; A, deletion; tup-regulation, expansion, or increase; |down-regulation, reduction, or decrease. 


g Regulated by Regulation/Details Gain-of-Function Loss-of-Function 
o (Dominant-Negative/Antagonist/Morpholino) 
dlll/ Positive in pronephros and neural plate. GR-RBPJ-Ank, Dex NF18: fthes/ in pronephros (Taelman RBPJDBM {| hes1 in pronephros (Taelman et al., 2006). 
2 notch/ et al., 2006). dll1STU yhesl in neural plate domains (Yan 
= RBPJ GR-RBPJ-Ank, Dex unstated stage: thes/ neural plate et al., 2009; Vega-López et al., 2015). 
domains (Vega-López et al., 2015). 
a notchl/ Positive in NB. NICD1 or RBPJ-Ank: ectopic hes2 restricted to the lateral 
Q 
= RBPJ border of the neural plate (Sólter et al., 2006). 
2 notch] Positive. NICD1: thes3 (NF18, microarray) (Vasiliu et al., 
Q 
= 2015). 
dlll/ Positive in NB/NCC. NICD1: *NB hes4 domain (gastrulation, ISH) (López GR-RBPJDBM (Dex NF 12): |hes4 NCC domain at neural 
notchl/ et al., 2005). fold stage (Glavic et al., 2004). 
RBPJ GR-RBPJ-Ank or GR-NICD1-22: dll1STU: |hes4 in NCC (neural plate stage) (Vega-López 
Dex, unstated stage: et al., 2015). 
SE 1 NCC hes4 domain (neural plate stage) (Vega-López 
E et al., 2015). 
Dex NF12: 
1 NCC hes4 domain (neural fold stage) (Glavic 
et al., 2004). 
notch/ No regulation in NCC. GR-RBPJ-Ank (Dex NF11): did not affect the NCC hes4 GR-RBPJDBM (Dex NF11): did not affect the NCC hes4 
RBPJ domain at neural plate stage (Nichane et al., 2008a). domain at neural plate stage (Nichane et al., 2008a). 


(Continued) 
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TABLE 7.3 


(Continued) 


Experimental Evidence for the Responsiveness of hes1-7 and hey Genes to the Notch Pathway in Xenopus 


Gene 


Regulated by Regulation/Details Gain-of-Function 


dlc/notch/ Positive in somitogenesis. 

RBPJ dic and hes4: complementary expression patterns in 
somitomeres, consistent with an inductive role of dlc on 
hes4 through Notch activation in neighboring cells (Jen 


Loss-of-Function 
(Dominant-Negative/Antagonist/Morpholino) 


dlc-tr or RBPJDBM: suppressed the segmental hes4 
prepattern in somitomeres (Jen et al., 1997). 
dic MO: |hes4 (ISH, tailbud stage) (Peres et al., 2006). 


et al., 1997). 
notch/ Positive. 
RBPJ A paired RBPJ motif in the proximal promoter and a 
hes4 3°UTR minimal 25 bp sequence in the 3’UTR, are necessary for 
hes4 expression in neural tissue, pronephros, and 
anterior PSM, but are insufficient for hes4 expression in 
the FP. 
3UTR confers global instability to hes4 mRNA, except in 
the anterior PSM. /n vivo gene reporter, tailbud stage 
(Davis et al., 2001). 
Notch] is associated with the RBPJ site of the hes4 
genomic loci (ChIP assay, NF25) (Sakano et al., 2010). 
dlll/ Positive in DML precursors during gastrulation. NICD1: thes4+ population of FP precursors in the GO and hes4 RBPJDBM: |hes4+ population of FP precursors in the GO 
notchl/ FP domain in neurulae (López et al., 2005). and hes4 FP in neurulae (López et al., 2005). 
RBPJ dill overexpression: thes4+ population of FP precursors in 
the GO (López et al., 2005). 
dlll/ Positive in ectoderm. NICD1: thes4 in animal caps (RT-PCR, NF20) and dll1STU: prevented the induction of hes4 by neurog2 in 
notch] cell-autonomously in ectoderm (ISH, NF20) (Cui, animal caps (RT-PCR, NF20) (Cui, 2005). 


2005). 
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dlll/ Positive. NICDI1: fhes5.1 in animal caps (NF10.5, sqRT-PCR) RBPJDBM: suppressed NICD1’s ability to induce hes5.] in £ 
notchl/ An HDAC inhibitor enhanced hes5./ response to induction (Kinoshita et al., 2011) and whole embryos (NF18, 28, naive animal caps (neurula stage) (Lahaye et al., 2002; 2 
RBPJ/ by dll! in neuralized animal caps, supporting the microarray) (Vasiliu et al., 2015). (RT-qPCR, sometime Pichon et al., 2002) and dl11”s or neurog2’s ability to E 
mamll hypothesis that activation by DI11/Notch disrupts the between NF9.5—10) (Mir et al., 2008). Induced ectopic induce hes5./ in neuralized animal caps (Wettstein et al., = 
formation of the repressor complex containing RBPJ hes5.1 in neural and non-neural ectoderm (neural plate 1997; Lamar et al., 2001). hes5.1 was downregulated in 2 
and HDAC-1 that maintains Notch-target genes stage) (Deblandre et al., 1999). embryos derived from RBPJDBM-injected oocytes = 
repressed in the absence of Notch signaling (Kao et al., dll] overexpression, RBPJ-Ank or NICD1 but not RBPJ: (RT-qPCR, sometime between NF9.5—10) (Mir et al., m 
1998). 1hes5.1 in neuralized or naive animal caps (neurula 2008). = 
Paired RBPJ binding site proximal to the TATA box, stage) (Wettstein et al., 1997; Lamar et al., 2001; LahayeRBPJ.S v2DBM: |hes5.1 in naive animal caps (RT-sqPCR) m 
necessary but not sufficient for neural expression in vivo et al., 2002; Pichon et al., 2002). The RAM23 domain (Ito et al., 2007b). = 
(Lamar and Kintner, 2005). and ankyrin repeats (Ank) of NICD1 were essential for DN-mamll: \hes5.1 in domains of PN (Katada and 5 
this induction, with some contribution of sequences Kinoshita, 2003). B 
~ downstream of the Ank repeats (Wettstein et al., 1997). 2 
E hGR-NICD1(22) or GR-RBPJ-Ank (Dex 1 hr.) +/- CHX: zj 
= thes5.1 in neuralized animal caps (Wettstein et al., 
1997). 
hGR-NICD1(22) or hGR-RBPJ-Ank, Dex 30 min: thes5.1 
in neuralized animal caps (Lahaye et al., 2002). 
hGR-RBPJ-Ank, Dex 1 hr +/— CHX: thes5./ in naive 
animal caps (Lahaye et al., 2002). 
RBPJ.S v2-Ank ¢ hes5.1 in naive animal caps (RT-sqPCR) 
(Ito et al., 2007b). 
RBPJ overexpression: inhibited hes5./ induction by dll] in 
neuralized animal caps (similar to RBPJDBM) 
(Wettstein et al., 1997). 
jagl Positive during PN. jagl overexpression but not jag/ICD: 1 hes5./ in 
neuralized animal caps (Kiyota and Kinoshita, 2004). 
notchl/ Positive in the ectoderm/neuroectoderm. NICD1: induced ectopic hes5.2 in neural and non-neural 
È RBPJ Paired RBPJ binding site proximal to the TATA box ectoderm (Deblandre et al., 1999): thes5.2 in neuralized 
E (Lamar and Kintner, 2005). animal caps (NF14—15) (Sólter et al., 2006) and whole 
embryos (NF18, NF28, microarray) (Vasiliu et al., 
2015). 
DE notch] Positive. NICDI: thes5.3 (NF18, NF28, microarray) (Vasiliu et al., 
3 2015). 
notchl/ Positive in placodes. NICD1: fhes5.4 in placodes and adjacent non-neural RBPJDBM: |hes5.4 in neural plate and placodes (ISH, 
= RBPJ ectoderm, even in the absence of function of the PPE neural plate stage) (Riddiford and Schlosser, 2017). 
Š genes sixl/eyal (ISH, neural plate stage) (Riddiford and 


Schlosser, 2017). 
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TABLE 7.3 (Continued) 
Experimental Evidence for the Responsiveness of hes1-7 and hey Genes to the Notch Pathway in Xenopus 
2 Regulated by Regulation/Details Gain-of-Function Loss-of-Function 
O (Dominant-Negative/Antagonist/Morpholino) 
notch] Positive. NICDI1: thes5.5 (NF18, 28; microarray) (Vasiliu et al., 
2015). 
RBPJ Positive in the nervous system. 
ie A paired RBPJ binding site proximal to the TATA box is 
2 necessary but not sufficient for neural expression in vivo 
(Lamar and Kintner, 2005). 
notchl/ Positive in the IMZ. GR-RBPJ-VP16 or GR-NICD1 (Dex NF10): [IMZ hes5.5 GR-RBPJ-EnR (Dex NF10): |IMZ hes5.5 domain 
RBPJ domain (gastrula, ISH) (Miazga and McLaughlin, 2009). (gastrula, ISH) (Miazga and McLaughlin, 2009). 
notch] Positive. NICDI: thes5.6 (NF18, 28; microarray) (Vasiliu et al., 2015). 
S notchl/ Positive during gastrulation/IMZ. GR-RBPJ-VP16 or GR-NICD1 (Dex NF10): [IMZ hes5.6 GR-RBPJ-EnR (Dex NF10): |IMZ hes5.6 domain 
E RBPJ domain (gastrula, ISH) (Miazga and McLaughlin, 2009). (gastrula, ISH) (Miazga and McLaughlin, 2009). 
NICD1: thes5.6 (mid-gastrula, RT-qPCR, NF11) (Castro notchI MO: |hes5.6; rescued by NICD/ (RT-qPCR, NF11) 
Colabianchi et al., 2018). (Castro Colabianchi et al., 2018) 
z notch] Positive. NICDI1: thes5.7 (NF28, microarray) (Vasiliu et al., 
E 2015). 
= notchl/ Positive in the non-neural ectoderm. NICD1: thes5.10 throughout the non-neural ectoderm RBPJDBM: thes5.10 in the inner cells of isolated 
E atypical response (NF14) (Deblandre et al., 1999); thes5.10 (NF18, NF28, ectoderm (NF11, RNAse protection) (Deblandre et al., 
= to RBPJ. microarray) (Vasiliu et al., 2015). 1999). 
notchl/ Negative in the neural plate. NICD1: |hes6.1 (a positive regulator of neurogenesis) in RBPJDBM: thes6./+ cell population in the neural plate 
a RBPJ the neural plate and did not appear to affect expression [data not shown in (Koyano-Nakagawa et al., 2000)]. 
E in PSM at neurula stage (Koyano-Nakagawa et al., 
2000), although some expansion in the PSM staining in 
Figure 3A of this work is noticed. 
E notch] Negative regulation in MHB establishment (non-canonical NICD1: |hes7.] at the MHB (NF13) (Takada et al., 2005). RBPJDBM: did not affect hes7.1 expression at the MHB 
E pathway?). (Takada et al., 2005). 
notch] Positive. NICDI1: thes7.1 (NF28, microarray) (Vasiliu et al., 2015). 
dlc/ Positive in somitogenesis. dic overexpression or RBPJ-Ank: expanded hes7.2 into the RBPJDBM: |hes7.2 in the somitomeric, TZ, and TBD 
notch/ gaps of the somitomeric region (ISH late neurula/early regions (ISH late neurula/early tailbud) (Jen et al., 1999; 
A RBPJ tailbud) (Jen et al., 1999). Peres et al., 2006). 
E dic overexpression or NICD1: loss of the stripped hes7.2 dlc MO: | hes7.2 (ISH, neurula) (Peres et al., 2006). 
pattern in the somitomeric region (ISH, neurula) (Peres 
et al., 2006). 
notch] Positive. NICDI1: thes7.2 (NF28, microarray) (Vasiliu et al., 2015). 
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dlc/ Positive in somitogenesis. dic overexpression or RBPJ-Ank: expanded hes7.3/esr5 RBPJDBM: |hes7.3/esr3 in the somitomeric region and 
notch/ expression into the gaps of the somitomeric region (ISH the TZ but not in the TBD (ISH late neurula/early 
RBPJ late neurula/early tailbud) (Jen et al., 1999). tailbud) (Jen et al., 1999). 
o notch] Positive. NICD1: thes7.3/esr5 (NF28, microarray analysis) (Vasiliu 
S etal., 2015). 
Ne notchl/ Negative during mesoderm induction. NICD1: unable to induce hes7.3/esr5 in naive animal caps. hes5.1 AWRPW: thes7.3/esr5 in animal caps 
E hes5.1 NICD] or hes5.1: inhibited the induction of hes7.3/esr5 by  mesodermalized by nodal2 (NF10.5, sqRT-PCR) 
the mesodermal inducer nodal2 in animal caps (NF10.5, (Kinoshita et al., 2011). 
sqRT-PCR). 
hes5.1 overexpression: |hes7.3/esr5 in the IMZ (NF10.5, 
ISH) (Kinoshita et al., 2011). 
notchl/ Positive. RBPJ-Ank or NICDI: ectopic hey! in whole embryos and RBPJDBM: |NICDI’s ability to induce ectopic hey/ in whole 
RBPJ ectodermal explants (neurula) (Pichon et al., 2002). embryos and ectodermal explants (Pichon et al., 2002). 
notchl/ Positive (head, somites, pronephros). GR-NICD1 or GR-RBPJ-VP16, Dex NF11-13 or 
E RBPJ NF15-19, ISH NF24-30: GR-RBPJDBM, Dex NF11-13 or NF15-19 
= they! in all domains, except in the pronephros with the 
early Dex treatment (|hey/) (Rones et al., 2002). ISH NF24-30: |hey/ (Rones et al., 2002). 
notch] Positive. NICD1: theyl (NF18, NF28, microarray analysis) (Vasiliu 
et al., 2015). 
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TABLE 7.4 


Cross-Regulation between hes and hey Genes in Xenopus 
See abbreviations in Table 7.3 legend. 


v 
5 Regulated by Regulation/Details Gain-of-function Loss-of-function 
Oo (Dominant-negative/Antagonist/Morpholino) 
hes4 Negative in ectoderm hes4 overexpression: |hes/ in whole embryos and hes4-AWRPW-Gal4: thes1 in animal caps 
(Koyano-Nakagawa et al., 2000). animal caps (neural plate stage). Effect in animal (Koyano-Nakagawa et al., 2000) 
caps reversed by co-injection of hes6.1 mRNA 
(Koyano-Nakagawa et al., 2000). 
hes6.1 Inhibits hes/ post-transcriptionally and induces it indirectly hes6.1 overexpression: thes/ in animal caps and whole  hes6.1DBM: thes/ in whole embryos (neural plate 
(Koyano-Nakagawa et al., 2000). Hes6.1 protein binds Hes1 embryos (neural plate stage). Inhibited hes4’s ability stage) like hes6.] overexpression. Therefore, 
E in vitro and in embryos, antagonizing Hes1 ability to to repress hes/ in animal caps. The induction of hes/ hes6.1 does not need to bind DNA to induce hes/. 
suppress PN in a TLE/Groucho-independent way is explained by the blockade of the hes1/hes4 (Koyano-Nakagawa et al., 2000). 
(Koyano-Nakagawa auto-regulatory negative feedback loop (Koyano- 
et al., 2000; Murai et al., 2011). Nakagawa et al., 2000). 
heyl Hey1 and Hes1 heterodimerize in embryos, enhancing the 
binding of Hey1 to a class B E-box oligonucleotide 
(Taelman et al., 2004). 
hes5.1 Positive in ectoderm hes5.1 overexpression: fhes4 in animal caps (unknown 
stage, RT-PCR) (Cui, 2005) 
hes6.1 Inhibits hes4 post-transcriptionally and induces it hes6.1 overexpression: thes4 in whole embryos (neural  hes6./DBM: fhes4 in whole embryos (neural plate 
Y indirectly (Koyano-Nakagawa plate stage). The induction of hes4 is explained by stage) like hes6./ overexpression. Therefore, 
<= et al., 2000). Hes6.1 binds Hes4 in vitro and in embryos, the blockade of the hes//hes4 auto-regulatory hes6.1 does not need to bind DNA to induce 
antagonizing its ability to repress hes/ in a TLE/ negative feedback loop (Koyano-Nakagawa et al., hes4. (Koyano-Nakagawa et al., 2000). 
Groucho-independent way (Koyano-Nakagawa et al., 2000). 
2000). 
hes4 Negative in the ectoderm, ventral mesoderm, and anterior hes4 overexpression: blocked hes5./ induction by hes4-AWRPW: fhes5.1 in animal caps and VMZ 
neural plate. neurog2 in animal caps and by NJCD/ in VMZ explants; rescued the repression of hes5.1 by hes4 
explants (NF unknown, RT-PCR); | anterior neural in VMZ explants (NF unknown, RT-PCR); weakly 
hes5.1 expression (ISH, neurula) (Cui, 2005). 1hes5.1 anterior neural domain (ISH, neurula) 
a (Cui, 2005). 
E hes6.1 Positive during PN. hes6.1 overexpression: thes5.1 PN domains [data not 
= shown in (Koyano-Nakagawa 
et al., 2000)]. 
hes7.1 Represses hes5.1 (probably directly) during the hes7.1 overexpression: |hes5.1 (neural plate stage) GR-hes7.1-VP16 (Dex NF10.5-11) +/- CHX: 


establishment of the presumptive MHB. 


(Takada et al., 2005). 


thes5.1 domains at neural plate stage (Takada et 
al., 2005). 
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hes7.1 MO: filled the MHB gap with hes5.1 
expression (PN medial stripes) and anteriorly 
expanded the hes5./ PN intermediate stripes 
(Takada et al., 2005). 


hes7.3/esr5 Negative during mesoderm induction. hes7.3/esr5-AWRPW: thes5.1 in animal caps 
mesodermalized by nodal2 (NF10.5, sqRT-PCR) 
and in the MZ (NF10.5, ISH) (Kinoshita et al., 
2011). 
hes6.1 Positive during PN. hes6.1 overexpression: thes5.2 PN domains [data not shown 
N in (Koyano-Nakagawa et al., 2000)]. 
E hes7.1 Represses hes5.2 (probably directly) during the hes7.1 overexpression: |hes5.2 (neural plate stage) GR-hes7.1-VP16 (Dex NF10.5-11) +/- CHX: 
= establishment of the presumptive MHB. (Takada et al., 2005). thes5.2 domains at neural plate stage (Tak*da et 
al., 2005). 
= hes5.4 Auto-repression hes5.4 MO: ectopic hes5.4 in the neural plate 
E (Riddiford and Schlosser, 2017). 
hes7.1 Represses hes5.7 (probably directly) during the hes7.1 overexpression: |hes5.7 (neural plate stage) GR-hes7.1-VP16 (Dex NF10.5-11) +/— CHX: 
establishment of the presumptive MHB. (Takada et al., 2005). thes5.7 domains at neural plate stage (Takada et 
N al., 2005). 
E hes7.1 MO: filled the MHB gap with hes5.7 
= expression (medial stripes of PN) and anteriorly 
expanded the hes5.7 PN intermediate stripes 
(Takada et al., 2005). 
hes5.1 Negative during MHB specification hes5.1 overexpression: |hes7.1 (MHB, ISH at neural 
~ plate stage (Takada et al., 2005) 
7 hes7.1 Auto-repression (probably direct) during the establishment GR-hes7.1-VP16 (Dex NF10.5-11) +/- CHX: 
= of the presumptive MHB. thes7.1 domains at neural plate stage (Takada et 
al., 2005). 
RU hes7.3/esr5 Negative in somitogenesis. hes7.3/esr5 overexpression: |hes7.2 in the PSM (Jen et hes7.3/esr5-AWRPW: derepressed hes7.2 in the TZ 
E Negative feedback loop of Notch pathway al., 1999) in the PSM (Jen et al., 1999). 
notchl/ Negative during mesoderm induction NICD1: unable to induce hes7.3/esr5 in naive animal hes5.1-AWRPW: *thes7.3/esr5 (animal caps 
hes5.1 caps. mesodermalized by nodal2, NF10.5, sqRT-PCR) 
pa NICD1 or hes5.1 overexpression: | hes7.3/esr5 induced (Kinoshita et al., 2011). 
í by the mesodermal inducer nodal2 (animal caps, 
S NF10.5, sqRT-PCR). 
= 


hes5.1 overexpression: |hes7.3/esr5 in the IMZ 
(NF10.5, ISH) 
(Kinoshita et al., 2011). 
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7.3.1. ESTABLISHING THE DORSAL-VENTRAL AXIS 


The polarity of the initial dorsal-ventral (DV) axis is con- 
trolled by two antagonistic centers: the ventral center (VC) 
secretes morphogens (BMP4, Wnt8a) that induce ventral- 
posterior fates, and the dorsal center (DC) secretes antag- 
onists and expresses repressors of ventral morphogens, 
protecting the dorsal region from being ventralized and pos- 
teriorized thus promoting dorsal-anterior fates. These cen- 
ters have been characterized in amphibians (De Robertis, 
2009) and fish (Thisse and Thisse, 2015). The DC is evi- 
dent at the blastula stage and consists of: (1) the Nieuwkoop 
center (NC) in vegetal cells and (2) the Blastula Chordin- 
and Noggin-expressing (BCNE) center in marginal zone 
and animal cells. The BCNE gives rise to most of the brain 
and the organizer and secretes the neural inducers Noggin, 
Chordin, and Nodal3, which trigger brain induction shortly 
after mid-blastula transition (Wessely et al., 2001; Kuroda 
et al., 2004). 

While the molecular establishment of the DC has been 
well documented (see Chapters 4 and 6), the early events 
leading to the establishment of the VC were largely unknown; 
our work found that Notch! is involved (Acosta et al., 2011; 
Castro Colabianchi et al., 2018). The first clue was that 
NICD1 down-regulated chordin and nodal3 in the BCNE. 
Strikingly, RBPJDBM did not affect their early expres- 
sion, but notch] knock-down in ventral cells expanded their 
domains. This indicated that a ventral notch! activity restricts 
the BCNE to the dorsal side through an RBPJ-independent 
pathway (Acosta et al., 2011). Indeed, NICD1 destabilized a 
P-Catenin mutant lacking the GSK3 phosphorylation sites, 
whereas notch] knock-down increased its levels and ven- 
trally expanded the domain in which B-Catenin was nuclear 
in the blastula, indicating that maternal notch] contributes 
to confining nuclear B-Catenin to the dorsal side. Moreover, 
when analyzed at tailbud or tadpole stages, NICD] mRNA 
injection resulted in a ventralized phenotype, whereas 
notchI knock-down, but not RBPJDBM, favored dorsal- 
anterior development. Notably, NICD1 blocked secondary 
axis induction by ventral injection of ctnnbl (P-catenin) 
mRNA, indicating that Notch! has ventralizing properties 
because it interferes with the B-Catenin dorsalizing activity 
(Acosta et al., 2011). 

Although our functional experiments revealed a ventral, 
non-canonical notch] activity, it was not clear if this were 
due to an asymmetric notch? mRNA distribution or regula- 
tion of Notch! activity. We found that both notch] mRNA 
and protein are enriched in the ventral region of Xenopus 
embryos from fertilization to mid-blastula, with an oppo- 
site distribution of nuclear B-Catenin (Castro Colabianchi et 
al., 2018), consistent with the proposed role for Notch! in 
destabilizing B-Catenin. This ventral enrichment of notch! 
mRNA and protein is the earliest localized sign of ventral 
development described so far in vertebrates, preceding the 
ventral localization of wnt8a, bmp4, and ventx mRNAs 
and dorsal localization of nuclear B-Catenin. Importantly, 
we noticed nuclear Notch] in ventral cells during cleavage 
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and mid-blastula stages, suggesting that besides the non- 
canonical role in destabilizing B-Catenin, Notch! could be 
poised to trigger transcriptional activity. Through a gene 
reporter assay, we found that RBPJ-dependent transcrip- 
tional activity was higher on the ventral side at the onset of 
gastrulation. Functional experiments involving NICD, full- 
length notch1, RBPJDBM, and notch! knock-down showed 
that notch! is necessary for the proper expression of VC 
genes such as wni8a, ventx, and bmp4. Canonical, RBPJ- 
dependent Notchl activities are mainly involved in control- 
ling their expression, but non-canonical Notchl activities 
might also contribute indirectly through P-Catenin destabi- 
lization and the known complex crosstalk between the DC 
and the VC (Castro Colabianchi et al., 2018). Interestingly, 
animal-dorsal expression of foxil, which is necessary for 
ectoderm development, is independent of Wnt/P-Catenin 
signaling and is restricted to the dorsal region through a 
Notch1/RBPJ-dependent mechanism (Mir et al., 2008). 
Overall, this work supports the hypothesis that asymmetric 
Notch] activity, including both canonical and non-canonical 
components, is involved in dorsal-ventral axis formation. 
We proposed that Notchl participates in forming the 
initial DV axis via a dual, ventralizing role (Figure 7.3A);: 
(1) promoting the VC mainly through the canonical Notch/ 
RBPJ pathway and (2) restricting the DC by destabilizing 
maternal B-Catenin independent of its phosphorylation by 
GSK3 and RBPJ. Through this non-canonical pathway, 
Notch! ensures the elimination of B-Catenin from the ven- 
tral side that escapes from the GSK3-dependent degrada- 
tion route. By inhibiting the early Wnt/B-Catenin pathway, 
Notch! contributes to preventing hyperdorsalization and 
controls brain size by restricting the BCNE (Acosta et al., 
2011; Castro Colabianchi et al., 2018). Interestingly, in mam- 
malian embryonic stem cells, membrane-bound Notchl 
associates with hypophosphorylated B-Catenin, decreasing 
its levels through the endocytic/lysosomal degradation path- 
way (Kwon et al., 2011). This finding reinforces the conclu- 
sions of our work, the first to study this non-canonical Notch 
pathway in embryonic axis formation in vertebrates. 


7.3.2. GERM LAYER FORMATION 


In invertebrates, Notch signaling is a key pathway for the 
induction of the germ layers, whereas in vertebrates, germ 
layer induction and specification are controlled by several 
TFs and signaling pathways (Favarolo and López, 2018). 
In Xenopus, the presumptive array of germ layers can be 
roughly predicted along the animal-vegetal axis of the egg 
(Figure 7.3B). At cleavage stages, the animal cells approxi- 
mate the ectoderm, the vegetal cells approximate the endo- 
derm, and the intervening equator or marginal zone (MZ) 
mostly contributes to the mesoderm (Dale and Slack, 1987; 
Moody, 1987a; Moody, 1987b). Thus, the MZ, which is com- 
posed of an involuting (IMZ) and a non-involuting (NIMZ) 
region (Keller and Danilchik, 1988), constitutes a transition 
area between germ layers whose limits need to be defined 


Notch Signaling in Early Embryogenesis 


during gastrulation (Figure 7.3B—D). Individual MZ cells of 
the early gastrula simultaneously express markers of two or 
three germ layers, and segregation is gradually refined as 
cells progressively and asynchronously commit to one germ 
layer (Wardle and Smith, 2004). 


7.3.2.1. 


In Xenopus, the boundaries between germ layers are refined 
by Notch signaling. In early gastrulae, notch! is expressed 
in both the IMZ and NIMZ (López et al., 2003; Miazga 
and McLaughlin, 2009), whereas dll! and dlc are only in 
the IMZ. The dlc domain forms a complete ring (Peres et 
al., 2006), whereas the dll] domain has a gap in the orga- 
nizer region (López et al., 2005); subsequently, dic also 
shows this gap (Peres et al., 2006). dll] is expressed in 
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the pre-involuted IMZ but does not persist after involu- 
tion (Wittenberger et al., 1999) (López et al., 2005) (Figure 
7.1C) (Table 7.5). rbpj.S-v2 transcripts are abundant just 
before gastrulation (Wettstein et al., 1997; Ito et al., 2007b), 
and its protein seems to regulate Notch function because it 
is required for hes5./ expression (Table 7.4) and is essen- 
tial for gastrulation movements and mesoderm specifica- 
tion (Table 7.5) (Ito et al., 2007a). However, lineage tracing 
showed that perturbed Notch signaling did not transform 
one germ layer completely into another; only cells near the 
presumptive boundaries are competent to respond to Notch 
signaling (Contakos et al., 2005; Revinski et al., 2010). 
Therefore, the Notch pathway is not essential for the for- 
mation of germ layers in Xenopus but rather refines their 
segregation (Revinski et al., 2010). 


Patterning of the initial DV axis 


DML and germ layers segregation 


Notch pathway in the MZ 


DMZ descendants: DML 
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FIGURE7.3 Notch plays early roles during patterning of the initial DV axis and during gastrulation in the germ layer and DML segregation. 
(A) Maternal notch] mRNA and Notch1 protein are enriched in the ventral region, exerting a ventralizing role by: (1) promoting ventral 
center development, mainly through the canonical Notch/RBPJ pathway and (2) preventing dorsal center development in the ventral side 
through a non-canonical pathway, independently of RBPJ, by destabilizing maternal BCatenin protein that escapes GSK3B-dependent phos- 
phorylation (Pfcatenin) (modified from (Castro Colabianchi et al., 2018). (B-D) During gastrulation, Notch! is required for the segregation 
of germ layers throughout the marginal zone (MZ), including dorsal midline (DML) components (adapted from (Favarolo and Lopez, 2018) 
and aPM, pPM, and notochord arrangement in the DML based on (Yamaguti et al., 2005). (B) Diagram of a gastrulating embryo in dorsal 
view, showing the arrangement of presumptive germ layers (color-coded) along the An-Veg axis, the transition zone between them (marginal 
zone, MZ) (magnified in C), and the dorsal MZ containing the gastrula Organizer (GO) at the center, populated by the DML precursors 
(color-coded), magnified in D. IMZ, involuting marginal zone; NIMZ, non-involuting marginal zone; DIMZ, dorsal involuting marginal 
zone; DNIMZ, dorsal non-involuting marginal zone. (C) DII from the IMZ activates the Notch] pathway on the neighboring NIMZ cells, 
favoring neuroectoderm at the expense of mesodermal fates (a: type A decision), thus refining the limit of involution. In the IMZ, Notch] 
promotes endomesoderm segregation, favoring endodermal at the expense of mesodermal fates (b, type B decision); the involved ligand is 
unknown. Inhibited markers and germ layers are crossed out. (D) In the DIMZ, DIl1 expressed in isolated cells activates Notch1/hes4 in 
their neighbors, first favoring aPM at the expense of pPM and then favoring floor plate (FP) fates at the expense of the notochord, stopping 
involution. D111 from MZ cells flanking the DMZ activates Notchl signaling, promoting hypochordal fate at the expense of the notochord. 
Because of its expression pattern, hey] is a good candidate for intervening in this choice. 


TABLE 7.5 


Core Components of the Notch Pathway in the Development of Germ Layers and the Dorsal Midline in Xenopus 
See abbreviations in Table 7.3 legend. 


5 Expression Gain-of-Function Loss-of-Function 
o Role/Details (Dominant-Negative/Morpholino) 
notch] is expressed in the IMZ and NIMZ during Germ layers: Germ layers: 
gastrulation (López et al., 2003; Miazga and notchIAE +/— HUA at gastrula stage, analysis at tailbud stage: GR-RBPJDBM, Dex NF 10 or 12, analysis at late neurula/ 
McLaughlin, 2009). fepidermal, neural, and muscle tissues (Coffman et al., 1993). tailbud stages: reduced endodermal, expanded mesodermal 
notch1AE (animal caps): fectodermal response to neural induction; derivatives (Contakos 
Germ layers: prolonged ectodermal competence for mesodermal induction et al., 2005). 
Balanced Notch! signaling is required for delimiting the beyond the onset of gastrulation (Coffman et al., 1993). GR-RBPJDBM, Dex NF 14, analysis at late neurula/tailbud 
three germ layers and normal morphogenetic Mouse NICD1, analysis at tailbud stage: |myosin (muscle stages: expanded endodermal, reduced mesodermal 
movements during gastrulation. Cell-fate choice upon differentiation marker) (Kopan et al., 1994). derivatives (Contakos et al., 2005). 
activation of Notch signaling does not depend on GR-NICD1, Dex NF2, but not Dex NF 12: fneural plate (sox2; late notch] MO (dorsal injections), analysis at gastrula stage: 
proliferation during gastrulation. neurula, NF18/19) and muscle tissues (12/101 marker; tailbud, delayed blastopore formation and closure, expanded the 
NF25) (Glavic et al., 2004). mesoderm (tbxt), animally shifted the neural-ectoderm 
DML: GR-NICD1 or GR-RBPJ-VP16, Dex NF10 or 12, analysis at late (sox2), reduced the supra-blastoporal endoderm (sox/7) 
Among the DML precursors, notch] favors FP and neurula/tailbud stages: fendodermal |mesodermal derivatives (Revinski et al., 2010). 
hypochord development at the expense of the notochord. (Contakos et al., 2005). 
GR-RBPJ-VP16, Dex NF14, analysis at late neurula/tailbud DML: 
stages: endodermal fmesodermal derivatives (Contakos et al., notch] MO: expanded the notochord (chrd+ cells, neurula 
2005). stage) (López et al., 2003). 
x NICD1, analysis at gastrula stages: 
Š DMZ-directed injection: delayed blastopore formation and 
S closure; |mesoderm (tbxt), fneural ectoderm (sox2) tsupra- 


blastoporal endoderm (sox/7). 

Dorsal/animal-directed injection: thxt domain expanded but more 
diffuse, probably due to ectopic prolonged competence for 
mesodermal induction in the ectoderm (Revinski et al., 2010). 


DML: 

notchIAE +/— HUA at gastrula stage: |notochord (tailbud stage) 
(Coffman et al., 1993). 

NICDI: 

Analysis at gastrula stage: |GO mesoderm (chrd), {presumptive 
FP (hes4) (López et al., 2003), (López et al., 2005). 

Analysis at neurula stage: |notochord (chrd, tbxt), TFP (shh, 
foxa4) (López et al., 2003). 

Analysis at tadpole stages: fhypochord (vegf,spon1, NF25,38) 
(Peyrot et al., 2011). 

GR-NICD1Aime-controlled experiments with Dex: higher 
susceptibility to TFP and {notochord in the first than in the 
second half of gastrulation (López et al., 2003) 


T6 


sndouəy 


psen 


RBPJ 


DML: 


Y-secretase is necessary to keep the morphogenetic 


movements at a normal pace during gastrulation. 


Both RBPJ.S variants (see Table 7.1) are expressed 
ubiquitously from the unfertilized egg to the tailbud 
stage, but RBPJ.S-v2 transcripts are more abundant 
before gastrulation (Wettstein et al., 1997) (Ito et al., 
2007b). 


Germ layers: 

RBPJ-dependent signaling favors the development of 
endoderm-derived cell types and disfavors the 
development of mesoderm-derived cell types during 
gastrulation but plays the opposite role since the neural 
plate stage. 

A critical time window that comprises gastrulation and 
ends at the onset of neurulation was described in 
particular for cardiac mesoderm specification, which is 


disfavored by Notch/RBPJ signaling during this period. 


Germ layers: 

GR-RBPJ-VP16, analysis at late neurula and tailbud stages: 

Dex NF10 or 12: markers of endodermal-derived cell types, 
{markers of mesodermal-derived cell types (paraxial, 
intermediate, and cardiac mesoderm). 

Dex NF14: |markers of endodermal-derived cell types, slightly 
tmarkers of intermediate mesoderm-derived cell types. 
Cardiac mesoderm unaffected (Contakos et al., 2005). 

GR-RBPJ-VP16 (Dex NF10) +/- 

ER-RBPJDBM (E2 at NF10, 14, 15, 16); ISH of the cardiac field 
marker nkx2.5 at tailbud stage: the loss of nkx2.5 induced by 
activating Notch/RBPJ signaling at the onset of gastrulation 
was rescued by blocking Notch/RBPJ during gastrulation. 
This rescuing ability was gradually lost after the onset of 
neurulation (Miazga and McLaughlin, 2009). 

GR-RBPJ-VP16 (Dex NF10): |gata4 (mid-gastrula) (Miazga 
and McLaughlin, 2009). 


DAPT (Y-secretase inhibitor): delayed the convergent- 
extension movements typical of the notochordal cells 
during gastrulation (Revinski 
et al., 2010). 


Germ layers: 

GR-RBPJDBM, analysis at late neurula and tailbud stages: 

Dex NF10 or 12: {markers of endodermal-derived cell types, 
tmarkers of mesodermal-derived cell types (paraxial, 
intermediate, and cardiac mesoderm). 

Dex NF14: fmarkers of endodermal-derived cell types, 
{markers of intermediate mesoderm-derived cell types. 
Cardiac mesoderm unaffected (Contakos et al., 2005) 

GR-RBPJDBM (Dex NF10), ISH analysis at NF11-11.5: 
precocious induction of heart field markers (nkx2-5, 
gata4, tbx5) (Miazga and McLaughlin, 2009). 

RBPJDBM, analysis at gastrula stage: mild expansion of tbxt 
(pan-mesodermal) and myf5 (presumptive paraxial 
mesoderm) domains, variable | and animal shift of sox2, 
variable results of sox17 expression (endoderm) (Revinski 
et al., 2010). 

RBPJDBM, analysis at neural plate stage: mild tendency to 
fparaxial mesoderm markers myf5 and myoD and |neural 
marker sox2 (Revinski et al., 2010). 

RBPJ.S v2 MO: abnormal gastrulation, neural fold disorganization, 
{mesodermal markers thxt, myod1, ventx1.2, chrd, but not gsc 
(RT-sqPCR, NF 10.5). | #bxt in the IMZ (ISH). This effect was 
not rescued by NJCD/ or DN-hes5.1 (Ito et al., 2007a). 

RBPJ.S-v1 MO: no morphological defects, no changes in 
molecular markers (Ito et al., 2007a). Probably due to 
compensation by the other homeolog as neither MO used in 
this study is predicted to knock-down RBPJ.L. 


DML: 

RBPJDBM: ‘chrd+ in the GO and chrd+ notochord expression 
in neurula; | FP (foxa4+/shh+ cells) (neurula)(L6pez et al., 
2003); |hypochord (vegf, spon) (NF28/35) (ISH) (Peyrot et al., 
2011). 


(Continued) 
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TABLE 7.5 


(Continued) 


Core Components of the Notch Pathway in the Development of Germ Layers and the Dorsal Midline in Xenopus 


Gene 


Expression 
Role/Details 


Gain-of-Function 


Loss-of-Function 
(Dominant-Negative/Morpholino) 


dlll 


Onset in the IMZ at early gastrula (NF10.5, ISH), with a gap 
of lower expression in the GO, with scattered dil/+ cells 
(López et al., 2005). Expression in the pre-involuted IMZ 
does not persist in involuted cells (Wittenberger et al., 
1999; López et al., 2005). 


Germ layers: 

DIL signaling from pre-involuted IMZ activates Notch 
signaling in the NIMZ, promoting neural-ectodermal and 
inhibiting endomesodermal fates (Revinski et al., 2010). 


DML: 
Within the GO, DI11 promotes FP development at the 
expense of notochordal fate. 


DML: 

dlll, dorsal overexpression; analysis at gastrula stage: $FP 
precursors (hes4), y notochordal precursors (chrd) in the GO 
(López et al., 2005). 


Germ layers: 

dil1STU (dorsal injection), analysis at gastrula stage: | thxt in its 
normal domain, displaced by expanded supra-blastoporal 
endoderm (sox/7) that took its place; |neural ectoderm (sox2) 
because of the animal shift and expansion of the presumptive 
mesoderm (thxt) (Revinski et al., 2010). 

dill MO (lateral injection), analysis at gastrula stage: impaired 
blastopore closure, |circumblastoporal tbxt expression (only a 
vegetal view was shown). Both effects were rescued by 
co-injection of NICD] mRNA (Kinoshita et al., 2011). 


DML: 

dillSTU, dorsal injection; analysis at gastrula stage: 
tnotochordal precursors (chrd), |FP precursors (hes4) in 
the GO (López et al., 2005). 


dlc 


Onset in the IMZ at early gastrula (NF10.5, ISH) in a 
complete circumblastoporal ring; a lower expression 
gap appears at NF11 at the GO (Peres et al., 2006). 

Necessary for hox genes expression in the IMZ. There are 
restrictions, at least for hox genes, to respond to Dlc 
signaling outside the IMZ (see Table 7.12 for additional 


information). 


dic overexpression: did not affect hoxc6 and hoxd! in the IMZ and 


could not expand them outside their normal region (ISH, 
gastrula stage) (Peres et al., 2006). 


dic MO: |hoxb4, hoxc6, hoxb9, and bmp4 in the IMZ (ISH, 
gastrula stage); tbxt expression unaffected in the IMZ (ISH, 
late gastrula) (Peres et al., 2006). 
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Constitutively active Notch! constructs and time-controlled 
Notch1/RBPJ activation or blockade resulted in a variety of 
changes in markers of ectodermal-, neural-, mesodermal-, 
and endodermal-derived cell types at neurula and tail- 
bud stages (Tables 7.5, 7.9), indicating that the response to 
Notchl/RBPJ signaling changes over time. We perturbed 
the Notch pathway in several ways to address a possible role 
in controlling the boundaries between germ layers, analyz- 
ing the consequences during gastrulation when they segre- 
gate, and also in early neurulation (Revinski et al., 2010) 
(Table 7.5). Activation and blockade delayed gastrulation, 
indicating that Notch] activity is tightly balanced to keep 
morphogenetic movements at a normal pace. Germ layers 
were specified, but they did not develop properly because 
their MZ boundaries were shifted. Consequently, cells at the 
boundaries allocated incorrectly and changed their specifi- 
cation to the incorrect germ layer. In NICD] mRNA- injected 
embryos, the presumptive neural ectoderm and supra-blasto- 
poral endoderm were expanded at the expense of mesoderm, 
whereas notch] knock-down produced the opposite changes 
(Revinski et al., 2010). Both dllISTU (Revinski et al., 2010) 
and dll] knock-down (Kinoshita et al., 2011) inhibited the 
pan-mesodermal marker tbxt in its normal circumblasto- 
poral domain. In embryos injected with dllISTU, this was 
accompanied by the animal displacement of the tbxt domain 
as expanded supra-blastoporal endoderm (sox/7-positive) 
took its place. The neural ectoderm (sox2 expressing) also 
was reduced in response to this animal-ward expansion of 
the presumptive mesoderm (Revinski et al., 2010). 

We proposed that notch] is involved in the segregation 
between neural ectoderm, mesoderm, and endoderm by con- 
trolling their boundaries in the MZ (Revinski et al., 2010) 
(Figure 7.3B,C) in the following ways. (1) Refining the limit 
of involution between the IMZ and the NIMZ favored neural 
ectoderm at the expense of mesoderm (type A decisions). 
(b) In the IMZ, by refining mesoderm segregation from the 
supra-blastoporal endoderm, favoring endoderm over meso- 
derm (type B decisions). Strikingly, d/lJSTU shifted the 
limit of involution animal-wards, favoring endomesodermal 
development over neural ectoderm, but notch] knock-down 
expanded the mesoderm at the expense of both endoderm 
and neural ectoderm; perturbing Notch/RBPJ signaling dur- 
ing gastrulation had a similar effect (Contakos et al., 2005). 
This indicates that D111 is involved in type A but not in type 
B decisions. According to this model, pre-involuted IMZ 
cells present DIl1 to the neighboring cells on the other side 
of the limit of involution, thus preventing them from adopt- 
ing the same fate (endomesoderm) by triggering the Notch 
pathway, which instead promotes neural ectoderm specifi- 
cation (Revinski et al., 2010). Interestingly, in animal caps 
assays, NotchlAE alone weakly induced neural ectoderm 
but strongly enhanced ectodermal competence for neural 
induction (Coffman et al., 1993). Therefore, DI signaling 
from pre-involuted IMZ might enhance the competence of 
their neighbors above the limit of involution to respond to 
neural inducers and become neural instead of mesoderm, 
sharpening the boundary between both populations. Once 


95 


the mesodermal cells involute, they no longer express DII1, 
ending this activity. While it appears that DIl1 controls the 
limit of involution (type A decisions), it remains unknown 
which notch!1-dependent mechanisms underlie mesodermal 
versus endodermal (type B) decisions. More work is needed 
to discern the possible role of the diverse Dll/Jag ligands and 
non-canonical Notch pathways in the segregation of germ 
layers. 
7.3.2.2. Which Notch Targets Are Involved 

in Germ Layer Segregation? 

The IMZ expresses several hes genes during gastrulation 
(Figure 7.2). Most of their patterns are similar to that of 
dill, but the dorsal hes5.1 and hes5.3 boundaries are more 
distant from the organizer, and hes7.2 is more abundant in 
the organizer. Only hes4 is broadly expressed in the NIMZ, 
but hes5./0 (at early gastrula) and hes2 (at mid-gastrula) are 
expressed in scattered cells (Figure 7.2). Except for hes5.8 
and hes5.9, whose regulation by Notch signaling has not 
been studied, all the hes5 genes expressed in the MZ, as well 
as hes2, hes4, and hes7.2, are positively regulated by Notch 
in several contexts, although a few of them were tested for 
Notch responsiveness in the MZ. In contrast, hes6./ and 
hes7.3/esr5 are down-regulated in the neural plate and the 
IMZ, respectively (Tables 7.2, 7.3). Interestingly, hes5.10 
is later expressed throughout the non-neural ectoderm and 
responds positively to NICD1, although it is not clear whether 
RBPJ is involved (Deblandre et al., 1999). The early expres- 
sion of hes6.1, hes7.2, and hes7.3/esr5 in the IMZ might be 
related to their role during somitogenesis (see Section 3.6). 
Only a few of the hes genes expressed in the MZ have been 
experimentally tested for their role in the MZ (hes4, hes5.1, 
hes5.6, hes6.1, hes7.3/esr5) (Table 7.6). One clear candidate 
for positioning the limit of involution is hes4, which first 
is broadly expressed in the presumptive ectoderm of the 
blastula, then progressively confined to the boundary with 
the mesoderm during gastrulation, accumulating transcripts 
in the whole NIMZ with highest levels dorsally in a pat- 
tern complementary to tbxt (pan-mesoderm) (López et al., 
2005; Aguirre et al., 2013). hes4 might be one of the Notch 
targets involved in type A decisions because: (1) the hes4 
NIMZ domain was expanded by NICD1 (López et al., 2005) 
and down-regulated by blockade of Notch1/RBPJ signal- 
ing (unpublished results); (2) hes4 overexpression blocked 
gastrulation movements, impeding MZ cell involution; (3) 
hes4 overexpression repressed fbxt throughout the entire 
IMZ (López et al., 2005; Cui, 2005; Aguirre et al., 2013); 
and (4) hes4 knock-down expanded the tbxt domain toward 
the animal pole, indicating that it is required for the correct 
placement of the ectoderm-mesoderm boundary (Aguirre et 
al., 2013) (Figure 7.3B,C) (Tables 7.5, 7.6). 

Overexpression and dominant-negative experiments indi- 
cate that hes7.3/esr5 promotes and hes5.] inhibits meso- 
derm specification and they repress each other (Kinoshita 
et al., 2011) (Tables 7.4, 7.6). In animal cap explants, NICD1 
induced hes5./ but not hes7.3/esr5 (Kinoshita et al., 2011) 
(Tables 7.2, 7.3), Nodal2 induced hes7.3/esr5 but not hes5.1, 


TABLE 7.6 


hes/hey Genes in the Development of Germ Layers and the Dorsal Midline in Xenopus 
See abbreviations in Table 7.3 legend. 
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2 Role/Details Gain-of-Function Loss-of-Function 
Ó (Dominant-Negative/Morpholino) 
Represses myod1, probably directly, downstream of hes] overexpression, mesodermalized animal caps: |tbxt hes1-VP16 or GR-hes1-VP16 (Dex 2 hs after NF11) 
mesodermal induction. (pan-mesoderm) and myoD (paraxial mesoderm) but not +/— CHX, animal caps: tmyoD but not tbxt, suggesting a 
GO mesodermal markers (chrd, gsc). Inhibition of myoD direct regulation of myod. 
Z downstream of tbxt (Umbhauer et al., 2001). 
= hes] overexpression, whole embryos: delayed gastrulation, 
trunk defects; |myoD but not chrd (gastrula) through the 
DNA-binding and repressor domains (Umbhauer et al., 
2001). 
Germ layers: Germ layers: Germ layers: 
hes4 is normally expressed in the NIMZ since late blastula hes4.S overexpression. |tbxt (pan-mesoderm) throughout the hes4.L+S MO: animal expansion of tbxt (pan-mesoderm) 
stage and restricts mesoderm specification to the IMZ IMZ (López et al., 2005; Cui, 2005; Aguirre et al., 2013). throughout the MZ. hes4.S might be more relevant in 
during gastrulation. restricting tbxt expression to the IMZ (Aguirre et al., 
DML: 2013). 
DML: hes4.S, dorsal overexpression: |notochord specification (chrd, 
As a mediator of Notchl signaling in DML development, tbxt) in the GO; FP precursors in gastrulae and neurulae DML: 
blocks the involution of hes4+ GO cells, favoring their (foxa4+ cells in GO and notoplate, shh+ cells in notoplate) hes4.S MO, dorsal injection: fnotochordal precursors’ 
> incorporation into the dorsal NIMZ (notoplate/future FP) (López et al., 2005). population in the GO and notochord in neurulae (chrd, tbxt); 
E at the expense of the notochord. Both hes4 homeologs are hes4.L, dorsal overexpression: |chrd (pPM, notochord), not {FP precursors population in gastrulae and neurulae (foxa4+ 
required for FP development (López et al., 2005; Aguirre (notochord), dkk1, and hex (anterior endoderm) in the GO; cells in GO and notoplate, shh+ cells in the notoplate). 
et al., 2013). Required for aPM specification by restricting head defects (Yamaguti et al., 2005). Reversed the effects of NJCD/ on DML markers (López et 
pPM and notochord specification (Yamaguti et al., 2005). hes4.S, ventral overexpression: |tbxt, induced ectopic GO al., 2005). 
hes4 acts as a cell-autonomous repressor in the aPM, markers (chrd, foxa4), but these cells were unable to hes4.L MO or hes4.S MO: |FP shh (Murato et al., 2006). 
restricting contiguous cell fates, contributing to involute during gastrulation (López et al., 2005); induceda  hes4.L MO: taPM (chrd) and notochord (chrd, not) at the 
regionalize the axial mesoderm. It is also able to induce headless secondary axis (Aguirre et al., 2013). expense of the anterior pPM (gsc) (ISH NF14); did not 
dorsal genes in a non-cell-autonomous way through the hes4.L, ventral overexpression: |ventral mesoderm affect anterior endodermal markers nor ventx (ventral 
activity of the WRPW motif, to ensure an organizer specification (ventx); induced ectopic GO markers and a mesoderm) (early gastrula stage) (Yamaguti et al., 2005). 
environment (Murato et al., 2006). headless secondary axis (Yamaguti et al., 2005). 
~ Inhibits mesoderm specification. hes5.1 overexpression: |tbxt in mesodermalized animal caps (Ito hes5.1 AWRPW: *tbxt at early gastrula (NF10.5, ISH) 
E et al., 2007a) and the IMZ at early gastrula (NF10.5, ISH) (Kinoshita et al., 2011). 
= 


(Kinoshita et al., 2011). 
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Germ layers: 
Possible regulation of the timing of cardiac field specification 


Germ layers: 
GR-hes5.6-VP16 (Dex NF10): | gata4 (mid-gastrula) (Miazga 


De (Miazga and McLaughlin, 2009). and McLaughlin, 2009). 
2 
3 
DML: DML: 
Possible role in DML development. hes5.6, dorsal overexpression: tchrd (GO) (Taelman et al., 
2004). 
Required for presumptive paraxial mesoderm specification, hes6.1 overexpression: Îtbxt (pan-mesoderm), myod1 hes6.1DBM: same effects on mesoderm as hes6.1 
involving recruitment of TLE/Groucho co-repressors but (presumptive paraxial mesoderm), and wni8a (lateral/ overexpression (gastrula). 
= not DNA binding. ventral mesoderm) but did not affect the GO marker chrd. hes6.1 AWRPW: mesodermal markers unaffected (gastrula). 
$ Expansion was restricted to the nearby MZ (ISH, gastrula). hes6.1 MO: |myodl, myf5 (presumptive paraxial mesoderm) 
2 îtbxt and wnt8a but not chrd or endodermal markers in the IMZ (without affecting tbxt, wnt8a, chrd, or the 
(animal caps, RT-qPCR). Mesodermal induction by hes6.1 endodermal marker sox17). This effect was rescued by 
mainly required FGF but also Nodal signaling (RT-qPCR, hes6.1 or hes6.1DBM but not by hes6.1 AWRPW (ISH, 
ISH) (Murai et al., 2007). mid-gastrula) (Murai et al., 2007). 
he o Necessary for mesoderm specification. hes7.3/esr5 overexpression: Îtbxt in the IMZ at early gastrula hes7.3/esr5 AWRPW: |tbxt at early gastrula (NF10.5, ISH) 
E ES (NF 10.5, ISH) (Kinoshita et al., 2011). (Kinoshita et al., 2011). 
Possible role in the segregation of DML precursors, heyl overexpression: stopped gastrulation, |chrd (GO), tbxt hey1 DBM: did not repress chrd (Taelman et al., 2004). 
repressing notochordal fates. (pan-mesoderm; IMZ), and not in the notochord and GRP. 
Hey! does not bind the co-repressor TLE/Groucho, as it lacks It did not affect not in the notoplate but induced ectopic not 
ES the typical WRPW motif of bHLH-O repressors (Pichon et in the limit of involution, outside the GO (Taelman et al., 
2 al., 2004). For chrd downregulation, Hey1 acts as a DNA 2004). 


binding repressor, requiring the Orange domain and the 
C-terminal region for dimerization. Hey1 heterodimerizes 
in vivo with Hes! and Hes4 and weakly with Hes2, but it 
does not bind Hes5.5 or Hes5.6 (Taelman et al., 2004). 


GR-hey1 (Dex NF12): FP not affected at tailbud stage 
(Taelman et al., 2004). An earlier induction with Dex will 
be useful to address possible effects during DML 
segregation. 
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and Hes5.1 reduced hes7.3/esr5 induction by Nodal2. 
Therefore, it was proposed that a mutually antagonistic rela- 
tionship between hes5./ and hes7.3/esr5 controls the balance 
of mesoderm specification within the IMZ (Kinoshita et al., 
2011). It will be interesting to determine whether hes5./ also 
mediates endodermal versus mesodermal choices. 

hes5.5 and hes5.6 are positively regulated by canonical 
Notch-RBPJ in the IMZ (Miazga and McLaughlin, 2009). 
While the function of hes5.5 in this tissue has not been 
studied, Notch regulates the timing of heart field specifica- 
tion, possibly through hes5.6 (Tables 7.5, 7.6) (Miazga and 
McLaughlin, 2009). While hes6./ is negatively regulated 
by Notch/RBPJ in the neural plate, it is not known whether 
this pathway controls hes6./ expression in the IMZ during 
gastrulation, although it is a direct Wnt/B-Catenin target 
and requires input from zygotic Wnt/B-Catenin signaling 
(Hufton et al., 2006; Kjolby and Harland, 2017). hes6.1 
favors paraxial mesoderm development (but not general 
mesoderm induction) by sequestering TLE/Groucho co- 
repressors, thus relieving myod/ from repression in meso- 
dermal precursors (Cossins et al., 2002; Murai et al., 2007) 
(Table 7.6). 


7.3.3. Dorsal MIDLINE TISSUES 


Cells that derive from the dorsal MZ/organizer region con- 
stitute the vertebrate dorsal midline (DML), an essential 
signaling center for development of the surrounding tissues. 
The DML gives rise to several derivatives: (1) the prechordal 
endomesoderm (PEM), a key signaling center for anterior 
neural development that emerges from the deep cells of 
the organizer to form the prechordal plate; (2) the notop- 
late (Figure 7.3B,D), which gradually converges and extends 
during gastrulation to form the floor plate (FP) of the neural 
tube; (3) the notochord; and (4) the dorsal midline of the 
endoderm, in Xenopus known as the gastrocoel roof plate 
(GRP), which functions as a left-right organizer. During neu- 
rulation, some GRP cells incorporate into the notochord and 
somites, while bilateral GRP rows gradually fuse into the 
hypochord, ventral to the notochord (Keller and Danilchik, 
1988; Minsuk and Keller, 1997; Kiecker and Niehrs, 2001; 
Shook et al., 2004; López and Carrasco, 2006) (Figure 
7.3D). Gene marker studies revealed that the precursors of 
these various derivatives are intermingled at the beginning 
of gastrulation but gradually segregate (Bouwmeester et al., 
1996; Artinger et al., 1997; Yamaguti et al., 2005); this pro- 
cess is highly influenced by the Notch pathway. 
Components of the Notch pathway are differentially 
expressed in the multipotent DML precursors that either 
involute (as the IMZ) or remain on the surface as the NIMZ, 
that is, notoplate (López et al., 2003; López et al., 2005). 
hes4 is expressed in the dorsal NIMZ and then in the notop- 
late and FP. dll] is expressed in a compact domain through- 
out the IMZ, except for the organizer region, where only 
scattered cells express dll] and also hes4 prior to involution. 
Once these dorsal IMZ cells involute, only hes4 expression 
continues, restricted to the prechordal mesoderm but absent 
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from the notochord. In fact, hes4 is the only hes!-7 gene 
expressed in the Xenopus DML during gastrulation and neu- 
rulation (Figure 7.2) (Tsuji et al., 2003; López et al., 2005; 
Yamaguti et al., 2005). 

We perturbed the Notch pathway in several ways to 
address its role during DML development, including hes4 
overexpression and knock-down, constitutive NICD1 acti- 
vation, time-controlled GR-NICD1 activation, blocking the 
whole notch! pathway by knock-down, the RBPJ-dependent 
pathway with RBPJDBM, DII1 signaling with dllISTU, and 
Notch processing with psen] knock-down. Our results indi- 
cated that during gastrulation, notchl/psenl/RBPJ/hes4 
signaling favors notoplate over notochord fate (López et al., 
2003; López et al., 2005) (Tables 7.5, 7.6). Other authors 
showed that Notch promotes hypochord over notochord by 
injecting NICD/ and RBPJDBM (Peyrot et al., 2011) (Table 
7.5). As the PEM mesodermal population segregates dur- 
ing gastrulation into two subdomains, hes4 and gsc are 
expressed in the anterior prechordal mesoderm (aPM), 
whereas chordin is expressed in the posterior prechordal 
mesoderm (pPM) (Yamaguti et al., 2005). It was proposed 
that hes4 initially ensures an organizer environment by 
inducing early organizer genes through a non-cell-autono- 
mous activity that depends on the WRPW domain. Then, 
hes4 is required for aPM specification, as it inhibits con- 
tiguous fates through a cell-autonomous repressive activ- 
ity, restricting pPM and notochord (Yamaguti et al., 2005; 
Murato et al., 2006) (Table 7.5). 

Based on these studies, we propose a model for how the 
Notch pathway allocates dorsal MZ descendants into the 
different DML tissues (Figure 7.3B,D). First, DML precur- 
sors choose between aPM or pPM fates. DI11 from scattered 
cells in the organizer induces hes4 in neighboring cells, 
which represses pPM fates, thus promoting aPM. As gas- 
trulation proceeds and more posterior cells involute, mul- 
tipotent precursors in the mid- and late organizer choose 
between FP, notochord, or hypochord fates. DII1 from scat- 
tered cells in the boundary between the dorsal NIMZ and 
the pre-involuted IMZ interacts with the Notch! receptor on 
the surrounding cells, activating hes4 to repress the genes 
that promote notochord development and impede their invo- 
lution so they gradually incorporate into the notoplate. By 
this mechanism, dll] executes a cell fate switch that favors 
notoplate development at the expense of notochord. D11 
presented by the IMZ cells flanking the organizer activate 
Notch! signaling in a pair of bilateral rows of dorsal IMZ 
cells, favoring hypochord over notochord; the down-stream 
mechanism is unknown, since hes4 is not expressed by 
hypochord precursors. In addition, notch1/hes4 expand the 
expression of foxa4, a positive notoplate/FP regulator (López 
et al., 2003; López et al., 2005), whereas foxa4 knock-down 
suppress hes4 in the FP (Murgan et al., 2014), suggesting 
they establish a positive feedback loop. The expression of 
heyl, which is positively regulated by Notch/RBPJ (Pichon 
et al., 2002; Rones et al., 2002) (Tables 7.2, 7.3), matches the 
time and spatial profile of hypochord development, with ini- 
tial bilateral stripes in the GRP that later fuse at the midline 
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(Pichon et al., 2002; Shook et al., 2004) (Figure 7.2). Since 
heyl is also expressed in scattered cells in the involuted dor- 
sal IMZ at early gastrula (see clone XL097h17 in Taverner 
et al., 2005), it will be interesting to study if it promotes 
hypochordal fates over notochord. hey/ is also expressed 
in the FP during neurulation, but neither time-controlled 
heyl overexpression at late gastrula nor hey] knock-down 
affected FP development when analyzed at tailbud stages 
(Taelman et al., 2004). There is evidence that hey] might 
suppress neurogenesis in the FP by antagonizing proneural 
genes, thereby maintaining FP identity. Interestingly, neu- 
rog2 overexpression revealed FP’s potential to differentiate 
into neurons, and hey] overexpression suppressed primary 
neurogenesis in the neural plate. However, neither hey! 
knock-down alone nor combined with hes4.L knock-down 
induced ectopic neurogenesis in the FP, indicating that addi- 
tional inhibitors might be required to inhibit neurogenesis 
(Taelman et al., 2004). 


7.3.4. PRIMARY NEUROGENESIS 


Differentiation of multipotent neural progenitors into the 
diverse nervous system cell types is an orchestrated process 
ensuring that neurons and glia appear at the right time and 
place during development. Key players in this process are 
Notch pathway components and several bHLH proteins. 
Those encoded by “proneural” genes—members of the 
Neurogenin and Achaete-scute families—heterodimerize 
with the bHLH factor E47, bind the E box (CANNTG), and 
activate transcription, promoting competence for neuronal 
differentiation. Downstream, other bHLH transcriptional 
activators promote the determination of neurons (NeuroD 
family) or oligodendrocytes (Olig family). Notch-regulated 
Hes proteins typically repress proneural gene expression or 
activity, maintaining neural precursors in a proliferative and 
undifferentiated state, and allow astrocyte differentiation 
(Davis and Turner, 2001; Bertrand et al., 2002; Huang et 
al., 2014; Kageyama et al., 2007; Imayoshi and Kageyama, 
2014). 

Anamniotes develop through a larval period that requires 
a simple neuronal circuitry for swimming and escape 
reflexes to be functioning around hatching (Roberts, 1989). 
In Xenopus, a first wave of primary neurogenesis, which 
begins at late gastrula and peaks at neural plate stages, gen- 
erates three bilateral pairs of longitudinal stripes of “primary 
neurons’: motoneurons, interneurons, and sensory neurons 
that are responsible for these larval behaviors (Chitnis et 
al., 1995). Study of primary neurogenesis in Xenopus sig- 
nificantly contributed to the discovery of the molecular and 
cellular basis of vertebrate neurogenesis and provided an 
accessible paradigm to study the Notch pathway (Tables 7.7, 
7.8). The neurogenesis gene regulatory network (GRN) built 
from this work is initially controlled by the balanced expres- 
sion of “prepattern genes,” such as those encoding Gli and 
Zic TFs (Lee et al., 1997; Marine et al., 1997; Brewster et 
al., 1998; Nakata et al., 1998). By refining proneural gene 
expression, the prepattern TFs roughly outline regions in the 
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neural plate in which primary neuronal differentiation can 
or cannot occur; this confers neuronal differentiation com- 
petence to restricted domains (Zimmerman et al., 1993; Ma 
et al., 1996). 

Proneural genes induce notch! and dill, whose expres- 
sion in the posterior neural plate begins around late gas- 
trula in overlapping stripes that prefigure the placement of 
the primary neurons (Turner and Weintraub, 1994; Chitnis 
et al., 1995; Ma et al., 1996; Chitnis and Kintner, 1996) 
(Figure 7.1C). notch] is expressed by most cells in the pro- 
neural domain, whereas dll] is restricted to a subset of them 
(Chitnis et al., 1995; Ma et al., 1996; Chalmers et al., 2002). 
Primary neurogenesis is circumscribed by Notch-dependent 
lateral inhibition: the selected neuronal precursor expresses 
DIl1, which binds Notch! in neighboring cells, activating the 
Notch/Psen/RBPJ/Maml pathway, resulting in the induction 
of Hes1-7 bHLH-O repressors that inhibit proneural genes 
and thereby repress neuronal fate in the neighbors (Chitnis 
et al., 1995; Maet al., 1996; Bellefroid et al., 1996; Wettstein 
et al., 1997; Perron et al., 1999; Paganelli et al., 2001; Katada 
and Kinoshita, 2003; López et al., 2003; Nichane et al., 
2008b; Revinski et al., 2010; Riddiford and Schlosser, 2017) 
(Tables 7.3, 7.4, 7.8). A negative feedback loop is established 
in the neuronal precursors that suppresses dll] expression 
in their neighbors through NICD1. The neuronal precur- 
sors continue to express proneural genes, which induce the 
bHLH-determination factor neurod!. Once neurod] is acti- 
vated, the cells become refractory to lateral inhibition and 
undergo terminal differentiation into neurons (Chitnis et al., 
1995; Chitnis and Kintner, 1996; Olson et al., 1998; Sjöqvist 
and Andersson, 2019). Another pathway for preventing lat- 
eral inhibition is through the upregulation of the zinc-finger 
TF mytl by Neurog2 (Bellefroid et al., 1996). In other sce- 
narios, when proneural TFs reach a certain threshold, they 
induce Ebf2 in selected progenitors, which stabilizes com- 
mitment to a neuronal fate by enhancing dll] expression 
and reinforcing neurodl expression (Dubois et al., 1998). 
neurodl appears to feed back to directly potentiate dill 
expression, as it promotes ectopic d/l/ in whole embryos and 
induces d/l/ in animal caps in the absence of protein synthe- 
sis (Seo et al., 2007). 


7.3.4.1. Notch Ligands 


In the neural plate, dil] expression is stronger posteri- 
orly, and jag/ expression is stronger anteriorly (Table 7.7) 
(Figure 7.1C) (Kiyota et al., 2001). Jag] normally restricts 
the differentiation of primary neurons, and combined dill 
and jagl expression is indispensable for the normal pri- 
mary neurogenesis pattern (Kiyota et al., 2001) (Table 7.7). 
Interestingly, D111 and Jagl contain sequences encoding a 
putative nuclear localization signal. Moreover, GFP fusion 
proteins of both ligands naturally underwent proteolitic 
cleavage during gastrulation, releasing their intracellular 
domains (ICDs), which were detected in nuclei. However, 
only Jagl-ICD-GFP persisted in cell nuclei and repressed 
primary neurogenesis without activating hes5./ (Kiyota and 
Kinoshita, 2004). It was proposed that Jag] inhibits primary 
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Core Components of the Notch Pathway Involved in Xenopus Neurogenesis 


See abbreviations in Table 7.3 legend. ascl2, neurog1, and neurog2 are bHLH proneural genes; neurod/ and neurod4 encode bHLH neuronal determination TFs; ebf2 encodes an HLH TF, positive regulator of 


neurogenesis; pak3 acts downstream of proneural genes, withdrawing progenitors from the cell-cycle and promoting neuronal differentiation; myt/ encodes a zinc-finger TF, positive regulator of neurogenesis; 


tubb2b, terminal neuronal differentiation marker; sox2 and sox3, neural plate markers. 


5 Expression Gain-of-Function Loss-of-Function 
o Role/Details (Dominant-Negative/Morpholino/Antagonist) 
notch] is expressed by most or all cells in the proneural notch1AE or NICD1: |PN (neural plate and placodes); NICD1: notch] MO: ÎPN (NF15, ISH) (López et al., 2003). 
domains since late gastrula (Chitnis et al., 1995). {dlll, neurog2, neurod4, mytl, pak3 (Chitnis et al., 1995; Ma et RBPJ°®": tdensity of neurog2+, dll 1+ cells, and primary neurons; 
Inhibits PN in neural plate and placodes. al., 1996; Bellefroid et al., 1996; Perron et al., 1999; Souopgui reversed the inhibition of PN produced by dll] overexpression 
a RBPJ directly binds the RAM23 region of NICD1 et al., 2002; Riddiford and Schlosser, 2017). (Wettstein et al., 1997). 
e (Wettstein et al., 1997), and this complex activates NICDI: blocked ectopic neurogenesis induced by neurod4, DAPT (y-secretase inhibitor): TPN (Revinski et al., 2010). 
Š transcription of Notch target genes. ascl2, or neurog2; unable to block ectopic neurogenesis See hes5.1, hes6.1 in Table 8.3. 
S induced by neurod] or by co-injection of either proneural 
= gene together with myt/ (Chitnis and Kintner, 1996; Ma et 
3 al., 1996; Bellefroid et al., 1996; Perron et al., 1999). 
3 notch1AE: blocked terminal neuronal differentiation induced 
by neurog2 but not by neurod1 (Olson et al., 1998). 
RBPJ overexpression: weakly |PN (Wettstein et al., 1997). 
psenl overexpression:fPN (Paganelli et al., 2001). 
See hes5.1, hes5.4, hes6.1 in Table 7.3. 
“Salt-and-pepper” expression begins at late gastrula, dill overexpression: |PN (Chitnis et al., 1995) without dlllSTU: PN even when proliferation was blocked with HUA; 
restricted to a subset of cells in the proneural domains, affecting jag] (Kiyota et al., 2001); |myt/ (Bellefroid et effect confined to proneural domains, reversed by dll] 
scattered within the deep layer of the neural ectoderm, al., 1996). overexpression (Chitnis et al., 1995). tdensity of neurog2+, 
preceding the onset of neurod1 and tubb2b. Marks future See hes5.1 in Table 7.3. mytl+ cells in the proneural domains (Ma et al., 1996; 
neurons around the time they are committed to a neuronal Bellefroid et al., 1996). density of supernumerary neurons 
~ fate (Chitnis et al., 1995; Ma et al., 1996; Chalmers et al., induced by ebf2 overexpression (Dubois et al., 1998). 
8 2002). dll] MO: TPN (Nichane et al., 2008b). 


Within the proneural domains, DII1 inhibits PN in 
neighboring cells by lateral inhibition, involving 
down-regulation of dll1 (but not of jag/) in the receiving 
cells. 

Not involved through lateral inhibition in delaying or 
restricting anterior neurogenesis at neural plate stage. 


dll1STU: unable to promote neurogenesis in neuralized animal caps 
of anterior character overexpressing ascl2 (NF 16) (Papalopulu 
and Kintner, 1996). Unable to rescue the inhibition of 
neurogenesis in the trigeminal placode produced by rax 
overexpression (whole embryos) (Andreazzoli et al., 2003). 
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dic 


Jagl 


Expression in the pair of medial stripes of PN (Peres and 
Durston, 2006). 

In the neural plate, dic is necessary for terminal neuronal 
differentiation in the medial stripe of PN. 


Expressed in the ANB, in a pair of transversal, bilateral 
stripes corresponding to the future mesencephalon, 
trigeminal placodes, and two pairs of bilateral AP stripes 
in the posterior neural plate, one presumably 
corresponding to the developing intermediate neurons 
and the other in-between the medial and intermediate 
dll] stripes (Kiyota et al., 2001). 

jagl inhibits PN. This does not rely on dll] 
down-regulation. 


jagl overexpression: |PN without affecting dl11; prevented 
the increase of PN induced by d/l/ STU (Kiyota et al., 
2001). 

jaglICD: translocated to the nucleus, | PN (Kiyota and 
Kinoshita, 2004). 

See hes5.1 in Table 7.3. 


dlc MO: |primary neurons (ISH tubb2b, NF21) without affecting 
neurog2 in the medial stripe (ISH, NF21) (Peres and Durston, 
2006). 


DN-jagl (lacking the intracellular domain): TPN; this was 
rescued by dl11 in a dose-dependent manner (Kiyota et al., 
2001). 
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neurogenesis through Notch-canonical trans-signaling, 
involving hes5./ activation in receiving cells, and through 
Jagl-ICD cis-signaling, perhaps acting as a transcriptional 
regulator not involving hes5./ (Kiyota et al., 2001; Kiyota 
and Kinoshita, 2004). 

In the posterior neural plate, another member of the delta 
gene family, dlc, which is only expressed by the medial 
stripes (Figure 7.1C), appears to be necessary for termi- 
nal differentiation of primary neurons (Peres and Durston, 
2006) (Table 7.7). 


Which hes1-7 Genes Are Involved 
in Primary Neurogenesis? 


7.3.4.2. 


There is a synexpression group transcribed in primary 
neurogenesis domains, including hes6./ and multiple hes5 
genes (Figure 7.2). Of these, hes5.1, hes5.2, and hes5.4—5.7 
are positively regulated by Notch signaling in some cases 
through paired RBPJ binding sites (Tables 7.2, 7.3). hes5.5 
needs direct additional input from proneural bHLH fac- 
tors, whereas hes5./ is indirectly up-regulated by them. 
Therefore, Notch/RBPJ signaling is necessary for the 
expression of hes5 genes in proneural domains in vivo, but 
they also require regulation by additional inputs. In con- 
trast, hes4, which is expressed in other domains and is 
directly regulated by Notch through RBPJ binding sites, 
was not up-regulated by neurog2 overexpression (Lamar 
and Kintner, 2005). 

So far, gain- and loss-of-function experiments show that 
hes2, hes4, hes5.1, hes5.4, hesl, hes5.5, hes5.6, and heyl 
are able to suppress primary neurogenesis but in different 
domains of the neural plate (Table 7.8). hes/, hes2, and hes4 
are involved in the development of the neural border and/or 
its descendants (see subsequently) and, as well as hey/, they 
are up-regulated by Notch (Tables 7.2, 7.3). hes4 and hey! 
are expressed in the midline of the neural plate (future floor 
plate), while hes2 is expressed in the superficial layer of the 
intermediate and lateral primary neuron stripes (Figure 7.2), 
where neural precursors continue to proliferate (Sólter et al., 
2006). 
hes6.1 is expressed in scattered cells in the medial and lat- 
eral primary neuron domains (Figure 7.2). Interestingly, 
it is repressed by Notch/RBPJ signaling and is required 
for expression and activity of neurog2 and the neuronal 
determination gene neurodl, thus relieving neuronal pre- 
cursors from Notch-mediated lateral inhibition (Koyano- 
Nakagawa et al., 2000; Murai et al., 2011) (Tables 7.2, 7.3, 
7.8). Moreover, neurog2 and neurodl induced hes6./] in 
the absence of protein synthesis in animal caps (Seo et al., 
2007), suggesting they directly activate hes6./, establishing 
a positive feedback loop. It was proposed that Hes6.1 pro- 
motes primary neurogenesis through direct protein-protein 
antagonistic interactions with other Hes factors (e.g. Hesl, 
Hes4) that inhibit neuronal differentiation and by seques- 
tering TLE/Groucho co-repressors that antagonize bHLH- 
O Hes proteins that directly repress proneural and neuronal 
determination genes (Murai et al., 2011). 


Xenopus 


7.3.4.3. Regulation of the Cell-Cycle 


There is evidence that Notch! might inhibit the withdrawal 
of neuroblasts from mitosis and prevent their differentia- 
tion through the negative regulation of p21-activated kinase 
3 (pak3) (Souopgui et al., 2002). However, either blocking 
DIII or excessive Notchl/RBPJ signaling inhibited mito- 
sis in the neural plate (Vernon et al., 2006). Experiments 
with mouse P19 cells and Xenopus embryos showed a dif- 
ferential sensitivity of the dil and neurod! promoters to the 
Cdk-dependent phosphorylation status of Neurog2: while 
the dll] promoter can be activated by hypo-phosphorylated 
Neurog2 (in cells undergoing cycle lengthening) or by phos- 
pho-Neurog2 (in rapidly cycling progenitors), the neurod1 
promoter can only be activated by hypo-phosphorylated 
Neurog2. Hypo-phosphorylated Neurog2 was able and phos- 
pho-Neurog2 was unable to promote neuronal differentiation 
in the presence of NICD1, indicating that the Cdk-dependent 
Neurog2 phosphorylation status also determines its post- 
transcriptional sensitivity to Notch signaling (Hindley et al., 
2012). Therefore, it was proposed that hypo-phosphorylated 
Neurog2 shifts the balance from progenitor maintenance to 
neuronal differentiation. Similarly, studies employing the 
proneural mouse Ascll in Xenopus mitotic and interphase 
egg extracts and Xenopus embryos undergoing primary neu- 
rogenesis indicate that the Cdk-dependent phosphorylation 
status of Ascll regulates its post-translational sensitivity 
to Notch signaling. Hypo-phosphorylated Ascll probably 
escapes Notch-mediated lateral inhibition through up-reg- 
ulation of Mytl (Ali et al., 2014). Hes1 is phosphorylated 
by CyclinB/Cdk1 and CyclinA/Cdk2 in vitro, suggesting it 
may be controlled by phosphorylation in the G2/M phase 
(Hardwick and Philpott, 2015). Phosphorylation by proline- 
directed kinases destabilizes Hes! protein and decreases its 
inhibitory activity on PN in vivo (Hardwick and Philpott, 
2019). 


7.3.5. NEURAL PLATE BORDER AND MIDBRAIN- 


HINDBRAIN BOUNDARY 


Neural induction subdivides the embryonic ectoderm into 
neural and non-neural regions, with an intervening transi- 
tion zone known as the neural plate border (NB) zone. This 
zone gives rise to neural crest cells (NCCs) and cranial plac- 
odes and is positioned by intermediate BMP levels as well 
as local FGF and Wnt signaling that induce a number of NB 
specifier genes (Stuhlmiller and Garcia-Castro, 2012; Pla 
and Monsoro-Burq, 2018; Grocott et al., 2012; Saint-Jeannet 
and Moody, 2014; Steventon et al., 2014). Members of the 
Notch pathway and hes!-7 genes are expressed through- 
out the development of the NB and its derivatives (Figure 
7.2) (Tables 7.9, 7.10). dill is restricted to the NB by the 
counterbalanced activities of a positive regulator, Irx1, and 
a negative regulator, Snail (Glavic et al., 2004), and hes4 
expression in the NB laterally restricts the neural plate 
(Maharana and Schlosser, 2018). Interestingly, hes3 can pro- 
mote neural plate fate at the expense of NCC and cranial 


TABLE 7.8 


Role of hes/hey Genes in Xenopus Neurogenesis and Epidermal Differentiation 
See abbreviations in Table 7.3 legend and marker details in Table 7.7 legend. 


Gene 


Role/Details 


Gain-of-Function 


Loss-of-Function 
(Dominant-Negative/Morpholino) 


hes1 


Inhibits neurogenesis by abolishing the activity of proneural/ 
neuronal differentiation bHLH TFs and keeping neural 
progenitors in a proliferative state, independently of 
binding to TLE/Groucho co-repressors. 

Hes! binds to N-box in vitro (Koyano-Nakagawa et al., 2000) 
and does not block the ability of Neurog2 to bind DNA or 
its coactivator E12 in vitro (Murai et al., 2011). 


hes] overexpression: fsox2 [not shown in (Nichane et al., 
2008a)], induced ectopic d/l] [not shown in (Nichane et al., 
2008b)], {PN by abolishing Neurog2 and Neurod] activity 
(Murai et al., 2011). 

mir-9 MO and hes] target protector MO: |neurogenesis 
(NF30), fproliferation (Bonev et al., 2011). 


hes1-AWRPW: did not suppress PN (Murai et al., 2011). 


hes2 


Inhibits PN by repressing proneural gene transcription and 
other mechanisms such as binding to proneural bHLH 
proteins like NeuroD. 

In the retina, hes2 promotes gliogenesis and inhibits 
neurogenesis through a DNA-binding mechanism. 

Immunoprecipitation in animal cap explants: XHes2 interacts 
with XNeuroD1, XNeuroD4, XHesl, and XHes6 but not with 
other bHLH proteins tested, including XNeurog2 (Sólter et al., 
2006). 


hes2: 

mRNA overexpression: |PN, | neurog2 (Sólter 
et al., 2006). 

Local overexpression by in vivo DNA lipofection in the 
developing retina: fglial population at the expense of 
neurons (Sólter et al., 2006). 


Hes2-AW-VP 16: 

mRNA: induced ectopic primary sensory neurons and 
neurog2 (Sólter et al., 2006). 

In vivo lipofection of Hes2-AW-VP16 DNA: |glial population, 
fsome neuronal types (Sólter et al., 2006). 

hes2DBM: did not affect retinal fates; DNA binding domain 
necessary for promoting gliogenesis in the retina (Sólter et al., 
2006). 

hes2 MO: 


tneurog2 in presumptive otic placode. Jn vivo lipofection of 


hes2 MOs |glial population in the retina (Sólter et al., 2006). 


hes4 


Inhibits PN. 

Hes4 protein binds to N-box in vitro (electrophoretic mobility 
shift assay) (Koyano-Nakagawa 
et al., 2000). 


hes4 overexpression: |PN (tubb2b, neural plate stage) (Glavic 
et al., 2004) (Cui, 2005); |neurog2 and neurod/ in the 
anterior neural plate (Andreazzoli et al., 2003; Cui, 2005); 
tdill independently of DNA binding (neural plate stage) 
(Nichane et al., 2008b); blocked the induction of tubb2b by 
neurog2/noggin in animal caps (NF unknown, RT-PCR) 
(Cui, 2005). 

hGR-hes4 (Dex NF18): |PN (ISH tubb2b, neurula stage) 
(Taelman et al., 2006). 


hes4 MO: Y neurog2, mytl, and dill; TPN in the trigeminal 
placode (early neurula) (Nagatomo and Hashimoto, 2007; 
Murato and Hashimoto, 2009); | proliferation, fapoptosis 
(late neurula) (Nagatomo and Hashimoto, 2007); |dl11 
(neural plate stage) (Nichane et al., 2008b). 


hes5.1 


Inhibits PN probably by repressing bHLH proneural genes 
through DNA binding and recruitment of the co-repressor 
TLE/Groucho. 

The DNA binding domain and the WRPW motif are necessary 
for inhibiting PN and preventing ectopic neurogenesis 
induced by the bHLH TF Atoh7 (Schneider et al., 2001). 


hes5.1 overexpression: |PN, even in the presence of the 
bHLH TF Atoh7 (ISH, neural plate stage) (Schneider et al., 
2001). 


hes5.1 AWRPW: PN [data not shown in (Ito et al., 2007a)]. 

hes5.1 AWRPW or hes5.1 AN (basic domain deleted): did not 
prevent ectopic PN induced by the bHLH TF Atoh7 (ISH, 
neural plate stage) (Schneider et al., 2001). 


hes5.4 


During placodal development, hes5.4 restricts the neurogenesis 
cascade upstream of proneural genes. Required for the 
expression of the neural progenitor gene sox3 and neuronal 
differentiation downstream of proneural genes. 


hes5.4 overexpression: |neurogl, neurog2, neurodl, and 
tubb2b in the neural plate and placodes; | neural marker 
sox3 in placodes (ISH, neural plate) (Riddiford and 
Schlosser, 2017). 


hes5.4 MO: thes5.4, neurogl, neurog2, dill, and pou4f1.2 
placodal domains with occasional reductions of these 
markers; | placodal sox3, neurod1, and tubb2b (Riddiford 
and Schlosser, 2017). 


(Continued) 
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TABLE 7.8 (Continued) 
Role of hes/hey Genes in Xenopus Neurogenesis and Epidermal Differentiation 
— 
v : : : ; Z 
S Role/Details Gain-of-Function Loss-of-Function 
O (Dominant-Negative/Morpholino) 
e Inhibition of PN. GR-hes5.5 (Dex NF12 or NF18): |PN (ISH neurula stage) 
E Does not interact in vitro with Hey1 (Taelman (Taelman et al., 2004; Taelman 
E et al., 2004). et al., 2006). 
Inhibition of PN. GR-hes5.6 (Dex NF12 or NF18): |PN (ISH neurula stage) 
Š Does not form homodimers in vivo nor heterodimerizes with (Taelman et al., 2004; Taelman 
‘9 other bHLH-O proteins (Hes1, Hes4, Hes5.6, Hey1). et al., 2006). 
2 Heterodimerizes in vivo with ÞHLH proteins that promote 
neurogenesis (Neurog2, Neurod1, Neurod4) (IP assay from 
Xenopus embryo extracts) (Taelman et al., 2004). 
Inhibits differentiation of epidermal multiciliate cells in the hes5.10 overexpression: {density of multiciliate cells in the hes5.10DBM: ‘density of multiciliate cells in the epidermis 
inner layer of the non-neural ectoderm through a DII1/ epidermis (tailbud stage); |d/// in animal caps (mid- (tailbud stage), td//l/ in animal caps (mid-gastrula) 
S Notch-dependent lateral inhibition mechanism. Possibly gastrula) (Deblandre et al., 1999); |neurod/ and PN (Deblandre et al., 1999). 
E participates in the inhibition of neurogenesis in the outer without affecting neurog2 or neural specification; acts hes5.10 MO: unable to induce ectopic PN in the deep layer 
= layer of the ectoderm through a different mechanism. downstream of neurod/, because it prevented ectopic (Chalmers et al., 2002). 
neurogenesis but not ectopic neurod/ induced by neurog2 
(Chalmers et al., 2002). 
hes6.1 promotes PN by antagonizing other Hes proteins that hes6.1 overexpression: fneurog2 domains (Koyano-Nakagawa  hes6.1 MO: |tubb2b, neurog2, and neurod! (neural plate stage); 
suppress neuronal differentiation. It does so in a post- et al., 2000) and primary neuron differentiation (Cossins et prevented the induction of ectopic neurons by neurog2 or 
transcriptional, TLE/Groucho-independent, and DNA al., 2002) throughout the posterior neural plate; td/l/, hes5.1, neurodl (Murai et al., 2011). 
binding-independent way (Koyano-Nakagawa et al., 2000; and hes5.7 domains, indicating that the increase in neuronal hes6.1 AWRPW: did not rescue the inhibition of PN produced 
Murai et al., 2011). However, the full promotion of PN differentiation does not involve transcriptional repression of by hes6.1 MO (Murai et al., 2011). 
7 requires TLE/Groucho binding (Murai et al., 2011). genes of the lateral inhibition program (Koyano-Nakagawa et hes6.1DBM: promoted PN like hes6./ overexpression, 
E See Table 7.4 for the regulation of hes] and hes4 by hes6.1. al., 2000). indicating that DNA binding is not required for this activity 
Hes6.1 did not affect the binding of Neurog2 to its E12 (Cossins et al., 2002). 
coactivator during in vitro binding to E-box. Hes6.1 did not 
directly interact with Neurog2 (immunoprecipitation 
assay). Hes6.1 directly binds and impairs the ability of 
Hes1 to repress PN through a TLE/Groucho-independent 
mechanism (Murai et al., 2011). 
Possible role in suppressing neurogenesis in the FP by heyl or GR-hey1 (Dex NF12 or NF18): | PN (Taelman et al., heyl DBM: did not inhibit PN and could not block neurog2’s 
antagonizing proneural genes, contributing to promote or 2004; Taelman et al., 2006). hey! blocked neurog2’s ability ability to induce ectopic neurogenesis (Taelman et al., 
maintain FP identity. Additional inhibitors might be to induce ectopic neurogenesis (Taelman et al., 2004). 2004). 
required to maintain neurogenesis inhibited in FP. hey! MO +/- hes4.L MO: did not induce ectopic neurogenesis in 
Hey1 does not bind the co-repressor TLE/Groucho, as it lacks the the FP. (Taelman et al., 2004). Note: MO sequences were not 
S typical WRPW motif of bHLH-O repressors (Pichon et al., reported in this study. 
2 2004). For inhibition of PN, Hey! acts as a DNA binding hey1.L+S MO: tubb2b unaffected (ISH in tailbuds) (Taelman 
repressor, requiring the Orange domain and the C-terminal et al., 2006). >< 
region for dimerization. Hey1 heterodimerizes in vivo with E 
Hes! and Hes4 and weakly with Hes2, but it does not bind 2 
a 


Hes5.5 or Hes5.6. It weakly binds bHLH proteins that promote 
neuronal differentiation (Neurod1 and Neurod4) but does not 
bind the proneural protein Neurog2 (Taelman et al., 2004). 


Notch Signaling in Early Embryogenesis 


placodes, suggesting it also participates in setting the neural 
plate/NB boundary, although this could not be confirmed by 
hes3 knock-down, perhaps due to compensation by other hes 
genes (Hong and Saint-Jeannet, 2018). 


7.3.5.1. The Role of hes4 in NB and NCC Development 
hes4 is expressed in prospective NCC territories, along with 
notch! (Glavic et al., 2004; Vega-López et al., 2015), and 
appears to act through partially counteracting pathways to 
promote and restrict foxd3 expression to NCC (Maharana 
and Schlosser, 2018). 

Neural induction subdivides the ectoderm into neural 
and non-neural regions. The transition zone is the neural 
border, from which neural crest cells, placodes, the border- 
ing non-neural ectoderm, and dorsal neural tube segregate 
(Stuhlmiller and García-Castro, 2012; Pla and Monsoro- 
Burq, 2018). The pre-placodal ectoderm (PPE) forms a 
horseshoe-shaped domain surrounding the neural plate at 
its anterior end and later segregates into individual placodes 
(Stuhlmiller and García-Castro, 2012; Grocott et al., 2012; 
Saint-Jeannet and Moody, 2014; Steventon et al., 2014; Pla 
and Monsoro-Burq, 2018). NCC development begins during 
gastrulation, when the NB is induced and stabilized and pro- 
gresses through sequential steps, with the NB-TFs control- 
ling the onset of NCC induction within the NB at the end of 
gastrulation and during the neural plate stage. This is fol- 
lowed by NCC specification, which occurs through a multi- 
step process during neurulation and involving the activation 
of a new set of genes encoding specific NCC transcription 
factors (NCC-TFs), which are not shared with contiguous 
populations. These NCC-TFs are activated in a stereotyped 
sequence, with an early step (activation of sox9 since NF11; 
snai2 and foxd3 since NF12-12.5) and a maturation step, 
with the activation of late NCC-TFs (sox/0 from NF13-14, 
twistl). NCC migration begins at the end of neurulation 
(once the neural folds fuse at the midline, transforming 
the neural plate into the neural tube) and continues during 
organogenesis, during which post-migratory NCCs colonize 
target tissues and organs, where they differentiate into mul- 
tiple cell types (Pegoraro and Monsoro-Burq, 2013; Pla and 
Monsoro-Burq, 2018). 

There are conflicting interpretations concerning the 
role of hes4 in NB/NCC development and its regulation by 
Notch signaling in these tissues (Tables 7.9, 7.10). Although 
hes4 is already expressed in the NB at mid-gastrula (Tsuji 
et al., 2003) and is considered an NB specifier in vivo, this 
TF alone can not initiate NCC specification in animal cap 
explants (Milet et al., 2013). Analysis at advanced neu- 
rula stages indicated that DII1 signals to presumptive NCC 
through Notch1/RBPJ inducing hes4, which represses bmp4 
to ensure optimal BMP signaling levels for NCC specifica- 
tion (Glavic et al., 2004). Others showed that during NCC 
specification, hes4 restricts dil] in NCC for the survival 
and maintenance of precursors in a mitotic, undifferenti- 
ated state (Nagatomo and Hashimoto, 2007). Strikingly, 
another group showed that the NCC hes4 domain was unaf- 
fected in neurulae following activation or blockade of the 
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RBPJ-dependent pathway at mid-gastrula and noticed that 
hes4 and dll] domains partially overlap in the anterior, 
lateral neural plate. They proposed that DII favors NCC 
precursor proliferation rather than controlling the bal- 
ance between primary neurons and NCC fates. Through a 
DNA-binding independent mechanism, hes4 transiently and 
indirectly induces dill expression, leading to NCC prolifera- 
tion and differentiation. Through a cell-autonomous, DNA- 
binding-dependent mechanism, hes4 up-regulates early NB 
genes and is required for NCC survival and maintenance in 
an undifferentiated state (Nichane et al., 2008a; Nichane 
et al., 2008b). More recently, other authors showed that in the 
pre-migratory NCC territory, hes] and hes4 are positively 
regulated by Dl11/Notch/RBPJ whereas BMP down-regu- 
lates hes4 (Nagatomo and Hashimoto, 2007; Vega-López 
et al., 2015). These authors propose that hes? and hes4 are 
required for several processes during NCC development. 
First, both promote NCC specification at the expense of 
neural plate and epidermis independent of cell proliferation; 
then Hes4 acts as a transcriptional repressor during NCC 
specification and is later required for their survival during 
neurulation; finally, hes4 is required cell-autonomously to 
initiate NCC migration and their differentiation into the cra- 
nial skeleton. 

Wnt and FGF signaling are necessary for hes4 expression, 
whereas BMP down-regulates it in the presumptive NCC at 
neural plate stages (Nichane et al., 2008a; Vega-López et al., 
2015). Others identified three hes4 expression phases dur- 
ing NB/NCC development. First, during NB induction (early 
gastrula), hes4 expression is insensitive to BMP signaling 
but requires down-regulation of the Wnt pathway. Then, 
during NCC induction (mid-gastrula), it requires Wnt and 
down-regulation of BMP signaling. Finally, both pathways 
are required for hes4 expression during NCC maintenance 
in early neurula (Steventon and Mayor, 2012). FGF signaling 
was proposed to regulate hes4 and dll! in the NB through 
Stat3.1, which is phosphorylated by FGF/FGFR4. Whereas 
low Stat3.1 activity up-regulates hes4, high Stat3.1 activity 
promotes dll] expression and DI11/Notch signaling (Nichane 
et al., 2010). Overall, it is clear that hes4 is required for NCC 
development in Xenopus, but controversies still exist about 
the underlying mechanisms (for discussion, see Vega-López 
et al., 2015). Time-dependent opposite responses to the same 
experimental Notch perturbation, which were observed in 
other contexts in Xenopus (Contakos et al., 2005; Revinski 
et al., 2010), might underlie the conflicting results between 
different studies. Some reviews regard Notch signaling as 
an important source for NCC maintenance rather than as a 
key player in NB induction during gastrulation (Stuhlmiller 
and García-Castro, 2012; Pla and Monsoro-Burq, 2018). 
Curiously, most studies analyzed the effects of perturbing 
Notch signaling on hes4 too late to address if this pathway 
plays an early role in establishing the NB hes4 domain 
(Table 7.9). However, we observed a clear expansion of the 
NB hes4 domain at mid-gastrula after constitutive Notch1 
activation beginning at cleavage stages (López et al., 2005), 
suggesting that Notch participates in the establishment of 


TABLE 7.9 


Core Components of the Notch Pathway in Xenopus Neural Border and Its Descendants 


—À 
krt12.4, non-neural ectoderm marker; nkx/—2, posterior NB MARKER (Kurata and Ueno, 2003); sox2, sox3, soxd, neural plate markers; foxe3, positive regulator of lens fate (Ogino et al., 2008); pax3, msx1, zicl, = 
NB markers (Nichane et al., 2008b). For additional abbreviations, see main text and Table 7.3 legend. 

z Expression Gain-of-Function Loss-of-Function 
Oo (Dominant-Negative/Morpholino) 
notch! expression: NB, neural plate, and ectoderm (Coffman NB, NCC: NB, NCC: 
et al., 1993). Prospective NCC territories (neural plate notchlAE: |twistl, nkx1-2, non-neural ectoderm (krt12.4) RBPJPM |neural plate (sox2) (neural plate stage, ISH) 
stage) (Glavic et al., 2004). (neural plate stage, ISH) (Coffman et al., 1993; Kurata and (Revinski et al., 2010). 
Ueno, 2003); [branchial arches (tadpole) (Coffman et al., notchI MO: |presumptive neural plate (sox2) (late gastrula); 
1993). fneural plate (sox2) (neural plate stage) (ISH) (Revinski et 
NICDI: ¡NB marker hes4 (gastrula, ISH) (López et al., al., 2010). 
2005), neural plate marker sox2 (neural plate stage, ISH) GR-RBPJDBM (Dex NF 12): |presumptive NCC (snai2, 
(Revinski et al., 2010). foxd3, hes4), tbmp4 domain (late neurula) (Glavic et al., 
GR-NICD1 or GR-RBPJ-Ank (Dex NF12): fpresumptive NCC 2004). 
` (snai2, foxd3, hes4), |bmp4 (non-neural ectoderm) (late GR-RBPJDBM (Dex NF11): hes4NCC domain unaffected 
Š neurula) (Glavic et al., 2004). (neural plate stage, ISH) (Nichane 
3 GR-RBPJ-Ank (Dex NF11): hes4NCC domain unaffected et al., 2008a) 
2 (neural plate stage, ISH) (Nichane et al., 20084). PPE: 
PPE: RBPJDBM: |hes5.4 in neural plate and placodes (ISH, neural 
NICDI: thes5.4 in placodes and adjacent non-neural plate stage) (Riddiford and Schlosser, 2017). 
ectoderm, even in the absence of six//eyal function (ISH, Lens placode (notch1 /notch2 ?): 
neural plate stage) (Riddiford and Schlosser, 2017). GR-RBPJDBM/Dex NF15: |foxe3, impaired lens development 
Lens placode (notch /notch2 ?): (NF22-24) (Ogino et al., 2008). 
GR-RBPJ-VP16 (Dex NF15): ectopic foxe3 restricted to the 
anterior ectoderm (NF22-24) (Ogino et al., 2008). 
GR-RBPJ-VP16 or NICDI + GR-otx2 (Dex NF15): massive 
ectopic foxe3 (NF22-24) (Ogino et al., 2008). 
Q PPE (neural plate stage) (Murato and Hashimoto, 2009; 
ï Maharana and Schlosser, 2018). 
= 
Anterior neural border (ANB), surrounding the presumptive NB, NCC: NB, NCC: 
NCC at early neurula stage. (Glavic et al., 2004). dill overexpression: {NCC (snai2, sox10) without affecting dll1STU: |NCC (snai2, foxd3, hes4); tbmp4 (late neurula) 
NB (pax3, msx1), neural plate (soxd, sox3), or placodal (Glavic et al., 2004); |neural plate (sox2) (late gastrula, 
4 marker six] (Nichane et al., 2008b). early neurula; ISH) (Revinski et al., 2010). 
3 dll] MO: |NCC (snai2, sox10) (neural plate stage) (Nichane et 
al., 2008b). 
Lens placode: 
dll1STU: Head defects, |foxe3 (Ogino et al., 2008) 
Similar to dll] but at lower levels. Expressed in an arc NCC, placodes: 
2 corresponding to the ANB; later resolves into dic+ cranial dic MO: migration failure of NCC and placodal cells (Peres >x< 
3 placodes (Glavic et al., 2004; Peres and Durston, 2006). and Durston, 2006). S 
dictr: |foxe3 (NF23) (Ogino et al., 2008). E 
J ANB, surrounding the presumptive NCC at early neurula ° 
3 stage (Glavic et al., 2004). 
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the NB through the positive regulation of the NB-specifier 
hes4, which receives multiple regulatory inputs from other 
pathways. Moreover, Notch! can suppress nkx/-2 in pre- 
sumptive NCC; this gene encodes a transcriptional repres- 
sor thought to inhibit neural fate to allow NCC induction 
(Kurata and Ueno, 2003). 


7.3.5.2. The Role of hes Genes in PPE Development 


Notch signaling and genes of the hes/—7 group are also 
involved in cranial placode development (Tables 7.9, 7.10). 
Six1 and its co-activator Eyal are crucial regulators of plac- 
ode development (Brugmann et al., 2004; Riddiford and 
Schlosser, 2016). hes4 is required for establishing the pre- 
placodal ectoderm; the expression of notch2, sixl, and eyal 
in this tissue; and the development of the lens field (Murato 
and Hashimoto, 2009; Maharana and Schlosser, 2018) (Table 
7.10), placing hes4 upstream of the placodal program prob- 
ably at the level of NB establishment. However, additional 
gene cascades converge in setting this program, since other 
PPE markers were not affected by hes4 knock-down (Murato 
and Hashimoto, 2009). Recently, a NB gene regulatory net- 
work that cross-regulates with Six1/Eyal was proposed for 
controlling PPE and NCC specification. This GRN includes 
Hes4 and other TFs expressed in the neural and non-neural 
ectoderm (Maharana and Schlosser, 2018). Downstream of 
this GRN are hes2, hes5.4, and hes5.6, which are expressed 
in the PPE. They are presumptive direct targets of Sixl/ 
Eyal, as they were up-regulated by them in the absence of 
protein synthesis, and placodal hes5.4 and hes5.6 expression 
require Six1/Eyal function (Riddiford and Schlosser, 2016). 

In neurogenic placodes, Six1/Eyal control dill in a dose- 
dependent manner. High Six1/Eyal levels maintain prolifer- 
ating placodal precursors, but as cells delaminate from the 
placodes, Six/Eyal levels are reduced and the neurogenesis 
program is triggered, including the onset of dill expres- 
sion (Schlosser et al., 2008). Notch1/RBPJ is required for 
hes5.4 expression during placodal development (Tables 7.2, 
7.3) (Riddiford and Schlosser, 2016). The requirement of 
Notch signaling for hes2 and hes5.6 expression in this pro- 
cess is currently unknown, although hes5.6 is induced by 
Notch1/RBPJ during gastrulation (Tables 7.2, 7.3). hes2 was 
not induced by activation of the Notch pathway in naive or 
neuralized animal cap explants but was moderately induced 
in embryos, with ectopic expression restricted to the NB 
(Sólter et al., 2006) (Tables 7.2, 7.3). 

PPE hes5.4 expression requires two positive regulators: 
(1) high Six1/Eyal levels activate hes5.4 independently of 
Notch/RBPJ and (2) Notch/RBPJ activates hes5.4 inde- 
pendently of Six1/Eyal, probably through lateral inhibition 
(Tables 7.2, 7.3, 7.9). Subsequently, hes5.4 maintains plac- 
odal progenitors in an undifferentiated state, restricting pri- 
mary neurogenesis upstream of proneural genes (Table 7.8). 
As Six1/Eyal activity declines, hes5.4 is required at low lev- 
els to promote neuronal differentiation. Intriguingly, hes5.4 
is also required for neuronal differentiation downstream of 
proneural genes, as terminal differentiation markers were 
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frequently decreased after hes5.4 knock-down (Table 7.8). 
The details of the mechanism underlying these opposing 
roles remain unresolved, but oscillation of hes5.4 expression 
might be involved since hes5.4 represses its own transcrip- 
tion (Tables 7.4, 7.8) (Riddiford and Schlosser, 2017). 


7.3.5.3. Other Roles for Notch Pathway 
in Placode Development 

Other evidence further supports Notch pathway involvement 
in cranial placode development (Table 7.9). Potentiated by 
Otx2, Notch can activate dmrta//2 in the anterior ectoderm. 
These genes encode TFs expressed in the presumptive olfac- 
tory placodes and are involved in olfactory neurogenesis 
(Parlier et al., 2013). An RBPJ binding site was found in the 
main enhancer of foxe3, a key TF required for lens placode 
development (Ogino et al., 2008; Kenyon et al., 1999). dill 
and dic are expressed in the adjacent presumptive retina, 
from where they presumably induce foxe3 through Notch/ 
RBPJ. While an antimorphic dll] produced severe head 
defects, making the results difficult to interpret, the anti- 
morphic dic produced a more restricted, lens-defective phe- 
notype, indicating that dic is involved in lens development 
(Ogino et al., 2008). 


7.3.5.4. The Midbrain/Hindbrain Boundary 


The midbrain/hindbrain boundary (MHB) is considered 
an organizing center because signals from this region 
induce and pattern the adjacent mesencephalon and hind- 
brain (Anderson and Stern, 2016). hes7.1 is one of the first 
genes to demarcate the presumptive MHB at early gastrula 
stages. Notably, at neural plate stages, the hes7.1 domain 
coincides with a hes5.1, hes5.2, and hes5.7 expression gap 
(Shinga et al., 2001; Takada et al., 2005) (Figure 7.2) (Table 
7.11). hes7.1 is necessary for MHB establishment through 
repressing, probably directly, hes5.1, hes5.2, and hes5.7 in 
this region, whereas these hes5 genes (which are positively 
regulated by DIl/Notch signaling during primary neuro- 
genesis) are thought to restrict hes7.1 to the MHB (Shinga 
et al., 2001; Takada et al., 2005) (Tables 7.4, 7.11). Strikingly, 
NICD1 abolished and RBPJDBM did not affect MHB hes7.1 
expression (Takada et al., 2005). It would be interesting to 
address whether notch] normally down-regulates hes7.1 by 
a non-canonical pathway. 


7.3.6. SOMITOGENESIS 


The classic Clock and Wavefront hypothesis for vertebrate 
somitogenesis, which involves Notch signaling, was origi- 
nally postulated by experimental work based on Xenopus 
(Cooke and Zeeman, 1976; Cooke, 1981). It explains the 
sequential formation of vertebrate somites from the pos- 
terior presomitic mesoderm that is due to an oscillation 
between permissive and non-permissive phases for segmen- 
tation, the so-called “segmentation clock” that is controlled 
by hes genes. Their proteins act as pacemakers that cell- 
autonomously cycle on and off through an autoregulatory 


TABLE 7.10 


hes Genes in the Xenopus Neural Border and Its Descendants 
For the role of hes genes in placodal neurogenesis, see hes2, hes5.4 in Table 7.8. See abbreviations in Table 7.3 legend. 
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5 Expression/Role Gain-of-Function Loss-of-Function 
o) (Dominant-Negative/Morpholino) 
At neural plate stage, hes/ is expressed in thin longitudinal GR-hes1 (Dex s11): TNCC (snai2), ¡neural plate (sox2) and GR-hes1 (Dex s11): | NCC (snai2), fneural plate (sox2) and 
lines corresponding to the dorsal and ventral boundaries of non-neural ectoderm (krt/2.4) (ISH neurula); proliferation non-neural ectoderm (krt/2.4) (ISH neurula); proliferation 
Y NCC (Vega-López et al., 2015). unaffected (pH3, neurula stage) (Vega-López et al., 2015). unaffected (pH3, neurula stage) (Vega-López et al., 2015). 
i Promotes NCC at the expense of contiguous fates (neural GR-hes1 (Dex s11) +/- HUA: ÎNCC (foxd3), [neural plate GR-DN-hes! (Dex s11) +/- HUA: | NCC (foxd3), fneural 
plate/epidermis), independently of cell proliferation during (sox2) (ISH neurula) (Vega-López et al., 2015). plate (sox2) (ISH neurula) (Vega-López et al., 2015). 
early NCC development (Vega-López et al., 2015) 
Scattered cells in the ectoderm/neural ectoderm (mid-gastrula) 
X Posterior PPE, including the prospective otic and lateral 
= line placodes (neural plate) (Sólter et al., 2006; Riddiford 
and Schlosser, 2016). 
Strongly expressed in a domain comprising the anterior and GR-hes3 (Dex NF10.5): hes3 MO: two translation-blocking MOs targeting hes3.L, one 
lateral edges of the neural plate, just adjacent to the NB Promoted neural plate at the expense of NB fates. Blocks translation-blocking MO targeting hes3.S, and one 
em (Hong and Saint-Jeannet, 2018). NCC induction by wnt8a DNA or P-catenin DNA splice-blocking MO targeting hes3.L and hes3.S, tested 
E Sufficient to promote neural plate fates at the expense of NB injection. In animal cap assays, blocked NCC and PPE alone or in different combinations, did not affect the 
fates (NCC and placodes) but normal requirement still gene induction by Wnt8 and Noggin and promoted neural expression of gene markers that were affected by the gain of 
unproven. Other genes of the Hes family might compensate plate fate (Hong and Saint-Jeannet, 2018). function approach (Hong and Saint-Jeannet, 2018). 
for hes3 knock-down. 
NB at mid-gastrula (Tsuji et al., 2003). hes4 overexpression: |bmp4, $NCC (snai2, msx1) (neural hes4 MO: 
One of the earliest PPE markers (mid-gastrula) (Murato and plate stage) (Glavic et al., 2004) {NCC markers without affecting neural plate and epidermal 
Hashimoto, 2009; Maharana and Schlosser, 2018). GR-hes4 (Dex NF11.5-12): | NCC (snai2, foxd3, sox9, markers (early neurula) (Nagatomo and Hashimoto, 2007) 
Prospective NCC territories (neural plate stage) (Vega- sox10), tneural plate (soxd), [NB (msx1, pax3, zicl), or with $ of neural plate and epidermal markers (Vega- 
López et al., 2015) 1dll1 {proliferation (pH3), Japoptosis (neural plate stage); López et al., 2015). Variable changes in the expression 
hes4 is required during several steps of NCC development 1 and | different subsets of NCC cell-types (tailbud stage) domains of the NCC specifier foxd3, with slight tsox3 
È (specification, maintenance, onset of migration). Only the (Nichane et al., 2008b; Nichane et al., 2008a). (neural plate) (Maharana and Schlosser, 2018). 
= hes4.L homeolog is required in X. laevis. GR-hes4.S, GR-hes4.L (Dex NF11) +/— HUA treatments, {sixl/eyal, notch2 (PPE) (neural plate stage); other PPE 
hes4 is required for the establishment of the PPE and the pH3; GR-hes4.S-EnR, GR-hes4.L-EnR (Dex NF12.5): markers unaffected (foxe3, dlx5) (Maharana and Schlosser, 
development of the lens field. Hes4 acts as a transcriptional repressor, promoting NCC 2018; Murato and Hashimoto, 2009); |lens field (pax6, 


specification at the expense of contiguous fates (neural 
plate/epider 


six3, pitx]); malformed lens (tadpoles, NF42) (Murato and 
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mis) independently of cell proliferation. It is later required for 
NCC survival during neurulation, and cell autonomously 
for their initial migration (Vega-López et al., 2015). 


Hashimoto, 2009). In these studies, either a mixture of hes4.L 
MO + hes4.S MO (Nagatomo and Hashimoto, 2007; 
Nichane et al., 2008b; Maharana and Schlosser, 2018), 
hes4.L MO alone (Vega-López et al., 2015; Murato et al., 
2007), or hes4.S MO alone (Murato et al., 2007) were used. 
hes4.L MO but not hes4.S MO affected NCC development 
(Murato et al., 2007). 

GR-DN-hes4.S, GR-DN-hes4.L (Dex NF11) +/- HUA, pH3; 
GR-hes4.S-E1A, GR-hes4.L-ElA (Dex NF12.5): Hes4 acts 
as a transcriptional repressor, promoting NCC specification 
at neural plate/epidermis fates” expense, independently of 
cell proliferation. It is later required for NCC survival 
during neurulation and cell-autonomously for their initial 
migration (Vega-López et al., 2015). 

GR-hes4DBM (Dex NF11.5—12): same results as GR-hes4 
(Dex NF11.5-12), except that it did not affect soxd and 
msx1 (Nichane et al., 2008b). 


hes5.4 


hes5.6 


Anterior PPE (neural plate stage); otic vesicle; olfactory, 
epibranchial, and lateral line placodes (tailbud stage) 
(Riddiford and Schlosser, 2016). 


Anterior PPE (neural plate stage); otic vesicle; olfactory, 
epibranchial, and lateral line placodes (tailbud stage) 
(Riddiford and Schlosser, 2016). 


See Table 7.8. 


See Table 7.8. 
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TABLE 7.11 


hes Genes in the Establishment of the Xenopus Midbrain/Hindbrain Boundary 
See abbreviations in Table 7.3 legend. 


Expression 
Role/Details 


Gain-of-Function 


OLL 


Loss-of-Function 
(Dominant-Negative/Morpholino) 


PN domains with a gap at the MHB. 
Restricts the MHB. 


hes5.1 overexpression: |MHB specification (hes7./ and pax2, 


ISH neural plate stage) (Takada et al., 2005)- 


PN domains with a gap at the MHB. 
Restricts the MHB. 


hes5.2 overexpression: | MHB specification (pax2, ISH at 
neural plate stage) (Takada et al., 2005). 


hes5.7 | hes5.2 | hes5.1| Gene 


PN domains with a gap at the MHB. 
Restricts the MHB. 


hes5.7 overexpression: |MHB specification (pax2, ISH at 
neural plate stage) (Takada et al., 2005). 


hes7.1 


Demarcates the presumptive MHB: restricted band of the 
inner layer in the center of the prospective neuroectoderm 
(onset: NF10.5) that is progressively resolved into a pair of 
bilateral stripes (Shinga et al., 2001). 

Establishes the presumptive MHB region as a prepattern gene, 
where it represses the putative direct target genes hes5./, 
hes5.2, hes5.7, dlll, and hes7.1. 


hes7.1 overexpression: |MHB markers (pax2, en2) at neural 
plate stage, but fen2 in some cases with lower doses, while 
they were unaffected at later stages (Shinga et al., 2001). 
{hes5.1, hes5.2, hes5.7, dlll, neurog2 (neural plate stage) 
(Takada et al., 2005). 


hes7.1-VP16, mb-hes7.1 (basic region mutated), hes7. 1- 
AWRPW |MHB markers (neural plate stage); 
morphologically disrupted the MHB (tailbuds) (Shinga et 
al., 2001). 

GR-hes7.1-VP16 (Dex NF10.5-11) +/— CHX: fhess. 1, 
hes5.2, hes5.7, dlll, and hes7.1 domains (neural plate 
stage) (Takada et al., 2005). 

hes7.1 MO: filled the MHB gap with dll1, hes5.1, and hes5.7 
(medial stripes of PN) and anteriorly expanded their 
intermediate stripes (PN domains) (Takada et al., 2005). 
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Notch Signaling in Early Embryogenesis 


negative feedback loop. Cell oscillations slow down towards 
the anterior presomitic mesoderm, generating a kinematic 
wave of cycling gene expression. Opposite gradients of RA 
from the anterior presomitic mesoderm and FGF and Wnt 
signaling from the tailbud region define a so-called “deter- 
mination wavefront,” which sweeps through the presomitic 
mesoderm rostro-caudally. When cycling cells at the per- 
missive phase are reached by the determination wavefront, 
they stop oscillating. This results in the striped activation 
of mesp genes. Consequently, the anterior presomitic meso- 
derm forms whorls of “somitomeres” whose gene expression 
prepattern delineates the future boundaries that lead to the 
formation of individual somites (Figure 7.1D). During ver- 
tebrate somitogenesis, intercellular Dll/Notch signaling acts 
first in the posterior presomitic mesoderm to synchronize the 
frequencies of neighboring cell-oscillators and then in the 
anterior presomitic mesoderm to position the future interso- 
mitic boundary and define the anterior-posterior polarity of 
the somite (Cooke, 1981; Takahashi et al., 2000; Pourquié 
and Tam, 2001; Moreno and Kintner, 2004; Nagano et al., 
2006; Sparrow, 2008; Gomez et al., 2008; Sasaki et al., 2011; 
Oates et al., 2012; Hubaud and Pourquié, 2014; Wahi et al., 
2016; Janesick et al., 2017; Venzin and Oates, 2020; Naoki 
and Matsui, 2020). 


7.3.6.1. Notch Ligands and Hes Genes in Somitogenesis 
While the general segmentation mechanism is conserved 
across vertebrates, the individual hes and delta oscillating 
genes involved vary between species (Oates et al., 2012). 
In Xenopus, several Notch pathway genes are expressed in 
discrete stripes in the presomitic mesoderm. So far, only 
dlc, hes5.3, hes5.5, and hes5.6 were reported as oscilla- 
tory in Xenopus (Table 7.12, Figure 7.1D). Since a large 
number of embryos must be analyzed to discern a chang- 
ing pattern that results from oscillatory expression (Figure 
7.1D, lower panel), some genes with cycling behavior might 
have been overlooked (Sparrow, 2008). Interestingly, dic 
delineates somitomeres at late gastrula (Peres et al., 2006), 
significantly earlier than genes involved in somite segrega- 
tion (Durston et al., 2018). Notably, hes4, hes5.3, hes5.6, 
and dic show a left-right asynchrony in their somitomeric 
pattern (Davis et al., 2001; Li et al., 2003; Blewitt, 2009; 
Durston et al., 2018) (Figure 7.1D, lower panel). A careful 
examination led to the proposal that somitogenesis waves 
are propagated as counter-clockwise spirals, probably 
linked to the mechanisms imposing left-right asymmetries 
(Durston et al., 2018). 

The consequences of the experimental perturbation of 
Dlc/Notch/RBPJ signaling in Xenopus are consistent with 
a crucial role in regulating somitogenesis (Jen et al., 1997; 
Sparrow et al., 1998; Peres et al., 2006) (Table 7.12). Although 
dill is expressed in the tailbud in a poorly described segmen- 
tal prepattern (Table 7.12), its possible role in somitogenesis 
has been overlooked. notch] shows continuous expression 
throughout the tailbud presomitic mesoderm but is restricted 
to one-half of mature somites, whereas jag2 is expressed in 
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the opposite pattern (Table 7.12), suggesting an interplay 
between notch! and jag2 after somite segregation. 

Among hes genes for which there is a precise description 
of their somitomeric expression pattern, hes4 is restricted 
to posterior compartments, and others, including dlc, are 
restricted to anterior compartments (Figure 7.1D) (Jen et al., 
1997). A paired RBPJ motif in the proximal promoter of 
hes4, including the intervening hexamer, is necessary for its 
somitomeric pattern together with its 3"UTR, which confers 
mRNA instability except in its striped domains in the pre- 
somitic mesoderm. Since the 3’UTR of hes5.6 can impose 
this striped pattern on hes4, cyclic hes5.6 expression might 
also be regulated by mRNA decay (Davis et al., 2001). The 
results summarized in Table 7.12 indicate that spatially con- 
trolled dic expression is necessary for Xenopus somitogene- 
sis and for setting the normal segmental prepattern of Notch 
targets related to the segmentation program (hes7.2, hes7.3/ 
esr5, hes4). Notch/RBPJ represses dic and mespa, whereas 
Dic from the anterior half of somitomeres activates hes4 in 
the posterior half through Notch/RBPJ. 

hes7. 3/esr5 is necessary for proper somitogenesis, includ- 
ing the refinement of dlc, hes7.2, and mespa expression into 
stripes in the so-called “transition zone” between the somi- 
tomeric and tailbud regions (Table 7.12) (Figure 7.1D) (Jen et 
al., 1999). It was proposed that the Notch pathway uniformly 
activates targets like hes7.3/esr5 in the tailbud region. Then, 
a mechanism requiring de novo protein synthesis and HDAC 
represses dlc, hes7.2, and hes7.3/esr5 in the transition zone, 
which introduces an expression gap that generates an on/ 
off periodicity that is stably maintained in the somitomeres. 
hes7.3/esr5 participates in a negative feedback loop, repress- 
ing dic and hes7.2 in posterior half-segments in the transi- 
tion zone from where somitomeres arise. In contrast, rostral 
to the transition zone, hes7.3/esr5 participates in a positive 
feedback loop, maintaining the segmental dlc prepattern in 
the somitomeric region (Jen et al., 1999). 

hes6.1 shows a broad tailbud expression domain and 
a segmental prepattern in somitomeres (Table 7.12). 
Overexpression of hes6.1 or a mutant DNA binding form 
severely disrupted somitogenesis and molecular markers 
(Cossins et al., 2002), suggesting that hes6./ must be spa- 
tially regulated in the presomitic mesoderm for proper seg- 
mentation, perhaps by protein-protein interactions rather than 
DNA binding. Interestingly, hes6./ is negatively regulated by 
Notch/RBPJ in the neural plate (Koyano-Nakagawa et al., 
2000), so it will be interesting to study a possible interplay 
between hes6./ and the Notch pathway in somitogenesis. 


7.3.6.2. Interplay between Notch and Other 

Genes and Pathways in Somitogenesis 

Somite boundary formation is also regulated by the Notch 
pathway via repression of protocadherin 8 (pcdh8) in the 
posterior half of somitomeres. Pcdh8, which is expressed in 
their anterior half, in turn regulates differential cell adhe- 
sion and prevents the intermingling of anterior and poste- 
rior cells between somitomeres, contributing to maintaining 


TABLE 7.12 


Notch Pathway Genes Expressed during Xenopus Somitogenesis 


See abbreviations in Table 7.3 legend. 


TLL 


5 Expression Related to Somitogenesis and Mature Somites Functional Evidence Related to Somitogenesis 
O 
Continuous in PSM and TBD. One-half of mature somites (Chitnis et al., 1995; Gain-of-function: 
McLaughlin et al., 2000; Rones et al., 2002; Xenbase, community submitted images: NICDI: expanded hes7.2 and hes7.3/esr5 domains into the gaps between stripes in the 
= www.xenbase.org/, RRID:SCR_003280; Bowes et al., 2010). somitomeric region (Jen et al., 1999; Peres et al., 2006); expanded rnd/, |rnd3 (Goda et al., 
Š 2009). 
a 


notchl-AE: |ripply2.2 in the PSM (Kondow et al., 2006). 
GR-NICD1; Dex NF11 or 19: they in somites, global disorganization of somite borders (Rones 
et al., 2002). 


RBPJ 


Gain-of-function: 

RBPJ-Ank: |dlc along the PSM (Sparrow et al., 1998); expanded the hes7.2 and hes7.3/esr5 
domains into the gaps between stripes in the somitomeric region (Jen et al., 1999; Peres et al., 
2006). 

GR-RBPJ-VP16 (Dex NF1 1-13, Dex NF15-19, ISH NF24-30): they! in somites, global 
disorganization of somite borders (Rones et al., 2002). 

Loss-of-function: 

RBPJDBM: expanded dic domains into the gaps between somitomeric stripes without affecting 
dic in the TBD (Jen et al., 1997; Sparrow et al., 1998); |hes4 in somitomeres (Jen et al., 
1997); |hes7.2 along the PSM (Jen et al., 1999; Peres et al., 2006); |hes7.3/esr5 in the 
somitomeric and TZ regions (Jen et al., 1999; Peres et al., 2006); produced a fusion of both 
ripply2.2 somitomeric stripes (Kondow et al., 2006); | ripply2./ in the PSM (Chan et al., 
2006); disrupted rnd3 expression (Goda et al., 2009). 

GR-RBPJDBM (Dex NF11-13, Dex NF15-19, ISH NF24-30): |hey/ in somites (Rones et al., 
2002). 

RBPJ regulation: 

Celf1 controls somitogenesis through RBPJ mRNA decay (see main text for details) (Gautier- 
Courteille et al., 2004; Cibois et al., 2010; Cibois et al., 2013). 


dlll 


More restricted than dic. Circumblastoporal collar/TBD. Two somitomeric stripes 
(from NF12): stronger in the posterior than in the anterior one (Chitnis et al., 1995; 
McLaughlin et al., 2000; Rones et al., 2002; Lamar and Kintner, 2005; Dingwell and 
Smith, 2006; Kondow et al., 2007; Wang et al., 2007). 


dill regulation: 

ripply2.1 overexpression: slight posterior shift of d/11 in the PSM (Chan et al., 2006). 
ripply2.1 MO: anterior shift of dill in the PSM (Chan et al., 2006). 

ripply2.2 MO: dill stripes in the PSM (Kondow et al., 2007). 
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dic 


Anterior part of prospective somites SO, S-I, S-II (somitomeres), and S-II (TZ), with 
spatial refinement: stripes progressively thinner from caudal to rostral PSM. 
Expression in somitomeres first appears at late gastrula (NF12). Broad domain in 
TBD. Oscillatory behavior in TZ and TBD. Left-right asynchrony in somitomeres, 
with the right side relatively more advanced (Jen et al., 1997; Sparrow et al., 1998; 
Jen et al., 1999; Moreno and Kintner, 2004; Peres et al., 2006; Sparrow, 2008; 
Durston et al., 2018). 


Gain-of-function: 

dic overexpression: segmentation defects (Jen et al., 1997; Peres et al., 2006); expanded hes7.2 
and hes7.3/esr5 expression into the gaps between stripes in the somitomeric region (ISH 
NF20-22, late neurula/early tailbud stages) (Jen et al., 1999; Peres et al., 2006); did not 
affect hoxc6 and hoxdl in the paraxial mesoderm (ISH, tailbud stage) (Peres et al., 2006) 


Loss-of-function: 

DN-dlc: segmentation defects (Jen et al., 1997); expanded the dic domains into the gaps 
between somitomeric stripes, without affecting dlc in the TBD (Jen et al., 1997; Sparrow 
et al., 1998); |hes4 in somitomeres (Jen et al., 1997); disrupted and |rnd/ and rnd3 
expression domains (Goda et al., 2009). 

dle MO: segmentation defects (Peres et al., 2006); |hes7.2 in somitomeres (Jen et al., 1999; Peres 
et al., 2006) and hoxb4 and hoxc6 in the paraxial mesoderm during somitogenesis (ISH 
tailbud stage, NF21) (Peres et al., 2006). 


dic regulation: 

RBPJ-Ank: | dlc along the PSM (Sparrow et al., 1998). 

RBPJDBM: expanded the dic domains into the gaps between somitomeric stripes, without 
affecting dic in the TBD (Jen et al., 1997; Sparrow et al., 1998). 

Knock-down of the whole hox paralogous group 1: disrupted somitogenesis and |dlc in the 
PSM (Peres et al., 2006). 

mespa overexpression: segmental pattern of dic lost, |dlc in somitomeres; expression in TBD 
unaffected (Sparrow et al., 1998). 

ripply2.1 overexpression: slight posterior shift of dic in the PSM (Chan et al., 2006). 

ripply2.1 MO: anterior shift of dic in the PSM (Chan et al., 2006). 

ripply2.2 overexpression: |dlc in the PSM through recruitment of the TLE4 co-repressor 
(Kondow et al., 2006). 

ripply2.2 MO: {dlc expression in SO and S-I and anteriorly shifted these domains (Kondow et 
al., 2007). 

myodI MO: |dlc in PSM stripes at early neurula (NF13); anteriorly shifted dlc stripes around 
the onset of somitogenesis (NF19) (Maguire et al., 2012). 

CHX treatment: continuous dic expression in the PSM (Jen et al., 1999; Kim et al., 2000). 

RA or SU5402 (inhibitor of FGF signaling) treatments: caudal shift of the dlc TBD domain 
(Moreno and Kintner, 2004). 


dll4 


Intersomitic vessels (sprouting from the dorsal aorta) (NF39). Image from Kirmizitas 
et al. (2017), description from Xenbase (Bowes 
et al., 2010). 


Jag2 


One-half of mature somites. Xenbase, community submitted images (Bowes et al., 
2010). 


hes1 


Similar to hes4 pattern, but with much lower expression (Davis et al., 2001). 


hes1 regulation: 

GR-NICD1, GR-RBPJ-VP16 (Dex NF11-13, Dex NF15-19, ISH NF24-30): they! in somites, 
global disorganization of somite borders (Rones et al., 2002). 

GR-RBPJDBM (Dex NF11—13, Dex NF15-19, ISH NF24-30): |hey/ in somites (Rones et al., 2002). 


(Continued) 
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TABLE 7.12 (Continued) 
Notch Pathway Genes Expressed during Xenopus Somitogenesis 


2 Expression Related to Somitogenesis and Mature Somites Functional Evidence Related to Somitogenesis 
O 
Posterior part of S-I and S-II (somitomeres), complementary to dic. Left-right hes4 regulation: 
asynchrony in somitomeres observed from NF18-19, with the right side relatively Segmental hes4 prepattern requires a paired RBPJ motif (including the intervening hexamer) 
more advanced. Very low expression in mature somites (Jen et al., 1997; Davis et al., present in the proximal promoter of hes4 and the 3’ UTR, which confers general MRNA 
2001). instability (Davis et al., 2001). 
Y RBPJDBM or DN-dlc: |hes4 in somitomeres (Jen et al., 1997). 
2 dlc MO: |hes4 (Peres et al., 2006). 
ripply2.1 overexpression: slight posterior shift of hes4 in the PSM. 
ripply2.1 MO: anterior shift of hes4 in the PSM (Chan et al., 2006). 
ripply2.2 MO |hes4 in the PSM (Kondow et al., 2007). 
CHX treatment: |hes4 in the PSM (Kim et al., 2000). 
BE 1-2 somitomeric stripes. Broad domain in TZ+TBD. Oscillatory behavior in the PSM, Microarray analysis showed that manipulating RA signaling significantly changed hes5.3 levels 
E with left-right asynchrony (Blewitt, 2009). (Janesick et al., 2017). 
e Anterior part of prospective somite S-II. Broad domain in TZ+TBD. Oscillatory 
E behavior in TZ and TBD. 
(Li et al., 2003). 
Anterior part of prospective somite S-II. Broad domain in TZ+TBD. Oscillatory hes5.6 regulation: 
behavior in TZ and TBD. Left-right asynchrony in somitomeres, with the right side hes5.6 3” UTR can replace hes4 3"UTR to generate a striped pattern (Davis et al., 2001). 
relatively more advanced (Li et al., 2003). CHX treatments (Li et al., 2003): 
© 30 or 60 min (comprising the approximate time of formation of 1 somite): thes5.6. De novo protein 
E synthesis is not required for cyclic expression. 
A CHX 120 min: de novo protein synthesis required for hes5.6 repression to generate the typical 
striped pattern 
RA or SU5402 (inhibitor of FGF signaling) treatment: caudal shift of the hes5.6 TBD domain 
(Moreno and Kintner, 2004). 
Broad domain in TBD. 2-3 stripes in prospective somites (Koyano-Nakagawa et al., 2000; Gain-of-function: 
Cossins et al., 2002; Moreno and Kintner, 2004). hes6.1 overexpression: expanded the myotome (myod/-+ cells) at neural plate stage, inhibited 
terminal myogenic differentiation (Ab 12/101), and severely disrupted somitogenesis (Cossins 
et al., 2002). 
7v Loss-of-function: 
Š hes6.1DBM: same effects as hes6.] overexpression, indicating that DNA binding is not required 


for these activities (Cossins et al., 2002). 

hes6.1 regulation: 

RA or SU5402 (inhibitor of FGF signaling) treatment: caudal shift of the hesó.1 TBD domain 
(Moreno and Kintner, 2004). 
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hes7.2 


Anterior part of prospective somites S-II (somitomere) and S-II (TZ). Broad domain 
in TBD (Jen et al., 1999). 


hes7.2 regulation: 

dic overexpression, RBPJ-Ank, or NICD1: expanded the hes7.2 domains into the gaps between 
stripes in the somitomeric region (Jen et al., 1999; Peres et al., 2006). 

RBPJDBM: |hes7.2 throughout the PSM (Jen et al., 1999; Peres 
et al., 2006). 

CHX treatment: continuous hes7.2 expression in the PSM (Jen et al., 1999). 


hes7.3/esr5 


Anterior part of prospective somites S-II (somitomere) and S-II (TZ). Broad domain 
in TBD. Segmented prepattern already detected at late gastrula (NF12) (Sparrow et al., 
1998; Jen et al., 1999) 


Gain-of-function: 

hes7.3/esr5 overexpression: |dlc and hes7.2 in the somitomeric region but activated dic more 
anteriorly, with a net result of a rostral shift of the dlc domain (Jen et al., 1999). 

Loss-of-function: 

DN-hes7.3/esr5: impaired segmentation and expanded dlc, hes7.2, and mespa expression into the gaps 
between stripes in the TZ (Jen et al., 1999). 

hes7.3/esr5 regulation: 

dic overexpression, RBPJ-Ank or NICD1: expanded hes7.3/esr5 domains into the gaps between 
stripes in the somitomeric region (Jen et al., 1999; Peres et al., 2006). 

RBPJDBM: |hes7.3/esr5 in the somitomeric and TZ regions (Jen 
et al., 1999; Peres et al., 2006). 

CHX treatment: continuous hes7.2 expression in the PSM (Jen et al., 1999). 

mespa overexpression: segmental hes7. 3/esr5 pattern lost. hes7.3/esr5 in TBD unaffected 
(Sparrow et al., 1998). 

RA or SU5402 (inhibitor of FGF signaling) treatment: caudal shift of the hes7.3/esr5 TBD 
domain (Moreno and Kintner, 2004). 

DN-RARo: rostral shift of the hes7.3/esr5 TBD domain (Moreno and Kintner, 2004). 

RAR§2 MO: |somite number, fsomite size, and rostrally expanded PSM markers, including 
hes7.3/esr5 (Janesick et al., 2017). 

ripply2.1 overexpression: slight posterior shift of hes7.3/esr5 expression in the PSM (Chan et al., 
2006). 

ripply2.1 MO: anterior shift of hes7.3/esr5 expression in the PSM (Chan et al., 2006). 


hey1 


Mature somites (apparently in the caudal half), from NF17 (Rones et al., 2002; Pichon 
et al., 2002). 
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a segmental boundary (Kim et al., 2000). ripply2.2, which 
encodes a WRPW-containing protein, is also required for 
the formation of somite boundaries. While ripply2.2 is 
required for dll! and hes4 expression in their proper posi- 
tion in the presomitic mesoderm (Kondow et al., 2007) 
(Table 7.12), Notch/RBPJ signaling localizes ripply2.2 in 
the anterior halves of somitomeres (Kondow et al., 2006) 
(Figure 7.1D), which in turn further restricts dic to the ante- 
rior border of the most anterior somitomeres by recruiting 
the TLE4 co-repressor (Kondow et al., 2006). It was pro- 
posed that Tbx6 acts as a transcriptional activator of seg- 
mental target genes in posterior somitomeres but changes to 
a transcriptional repressor through binding to a Ripply2.2/ 
TLE4 complex when Ripply2.2 accumulates above a thresh- 
old level in the most anterior somitomeres. In this way, 
Ripply2.2 and Tbx6 contribute to terminate the segmenta- 
tion program in the anterior presomitic mesoderm (Kondow 
et al., 2007; Hitachi et al., 2008). Interestingly, the related 
ripply2.1, whose striped expression in the anterior preso- 
mitic mesoderm is also dependent on Notch/RBPJ signaling 
(Figure 7.1D) (Table 7.12), is not required for segmentation 
but for positioning the segmentation front via RA signaling 
(Chan et al., 2006). The Dlc/Notch/RBPJ pathway is also 
necessary for striped rnd] and rnd3 expression in somito- 
meres (Figure 7.1D) (Table 7.12). They encode GTP binding 
proteins required for segmentation independently of hes7.3/ 
esr5. rndl is expressed in the anterior half of somitomeres, 
whereas rnd3 is expressed in the boundary between the 
anterior and posterior halves, suggesting different roles in 
segmentation (Goda et al., 2009). 

hox genes are necessary for somitogenesis and estab- 
lish a reciprocal positive regulation with dic in the paraxial 
mesoderm (Tables 7.15, 7.12). dlc might regulate the timer 
for temporal collinearity of hox gene expression, which in 
turn controls somite anterior-posterior identity (Peres et al., 
2006; Durston et al., 2012). 

The Notch pathway also is regulated during somito- 
genesis at other levels. For example, celf7, which encodes 
an RNA-binding protein that mediates sequence-specific 
mRNA deadenylation, binds the 3"UTR of RBPJ mRNA 
promoting its degradation; this is required to control the 
interplay between FGF and RA signaling that governs the 
determination front (Gautier-Courteille et al., 2004; Cibois 
et al., 2010; Cibois et al., 2013). RA treatments or FGF path- 
way blockade repressed dic, hes5.6, hes6.1, and hes7.3/ 
esr5 in the tailbud, shifting their expression domain cau- 
dally (Moreno and Kintner, 2004). RARB2 knock-down 
reduced somite number, increased somite size, and rostrally 
expanded presomitic mesoderm markers, including hes7.3/ 
esr5. Microarray analysis showed that manipulating RA sig- 
naling significantly changed hes5.3 levels (Janesick et al., 
2017) (Table 7.12). 


7.4. FUTURE DIRECTIONS 


Work in Xenopus frequently has led the field in address- 
ing the role of notch] and dill in several developmental 
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programs, as well as dic in somitogenesis, but there is much 
less information about other Notch receptors and ligands 
during frog development. Expression patterns for some are 
available in limited types of tissues. For example, notch2 is 
expressed in the PPE and during lens development, where it 
is positively controlled by hes4 (Ogino et al., 2008; Murato 
and Hashimoto, 2009); notchl, notch2, jagl, and jag2 are 
expressed in the liver during metamorphosis (Ueno et al., 
2015), whereas notch4 and dll4 are implicated in the arte- 
rial endothelial program (Ciau-Uitz et al., 2010; Leung et al., 
2013; Nimmo et al., 2013; Kirmizitas et al., 2017). RNAseq 
data (Session et al., 2016) (Figure 7.1C, right column) sug- 
gest that notch3, jagl, jag2, and dll4 might have roles during 
embryogenesis, but we need to know their spatial distribu- 
tions at different developmental timepoints. Finally, since 
the notch4 gene model was not available at the time of the 
RNAseq study, a developmental expression profile is not yet 
available. 

To dissect Notch signaling involvement in developmental 
processes more precisely, a combination of strategies will be 
necessary. For example, experiments employing RBPJDBM, 
psen MO, or y-Secretase inhibitors impair the function of 
every notch paralogue; knock-down/knock-out strategies 
are needed to provide results specific for each paralogue. 
Strikingly, only notch1 has been knocked down so far, both in 
studies by our group concerning germ layers, DML, and DV 
axis, and by others concerning ciliogenesis in the epidermis, 
GRP and left-right patterning (Sakano et al., 2010; Tózser 
et al., 2015; Tomankova et al., 2017). Since there is growing 
evidence of RBPJ-independent Ligand/Notch functions in 
several biological contexts (Hayward et al., 2005), includ- 
ing various aspects of Xenopus development (Revinski et al., 
2010; Peres et al., 2006; Acosta et al., 2011), knock-down/ 
knock-out approaches next need to address both canonical 
and non-canonical functions. As RBPJ has dual properties, 
activating or repressing Notch-targets depending on the 
ON/OFF status of Notch signaling, it might not always be 
straightforward to interpret the results of RBPJ blockade in 
complex contexts, including those in which multiple inputs 
from different ligands might take place. For example, in 
some studies, RBPJDBM produced milder or more variable 
effects in comparison to the blockade of one ligand or the 
receptor (Revinski et al., 2010) or did not affect the process 
under study (Takada et al., 2005; Peres et al., 2006; Nichane 
et al., 2008a). The effects of protecting RBPJ mRNA from 
Celfl-mediated degradation were compatible with a Notch/ 
RBPJ gain-of-function in the posterior presomitic meso- 
derm and with a Notch/RBPJ loss-of-function in the anterior 
presomitic mesoderm (Cibois et al., 2013). In addition, the 
response to perturbing Notch signaling can change abruptly 
at certain developmental transitions (Contakos et al., 2005; 
Revinski et al., 2010), thus requiring a more detailed anal- 
ysis of gene markers and phenotypes by time-controlled 
manipulations. 

Work from different animal models and cell types show 
that the number of direct Notch/RBPJ targets outside the 
hes/hey families is constantly growing, including genes 
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involved in proliferation, apoptosis, cell-fate choice, sig- 
naling pathways, metabolism, and cytoskeletal regulators 
(Bray and Bernard, 2010; Meier-Stiegen et al., 2010). The 
discovery of new targets and modulators in Xenopus will be 
essential to building Notch-regulated GRNs that control dif- 
ferent developmental processes. microRNAs regulate Notch 
signaling during multiciliogenesis in the epidermis (Marcet 
et al., 2011), and RITA (RBPJ-interacting and tubulin- 
associated protein) negatively modulates Notch signaling 
through nuclear export of RBPJ during primary neurogen- 
esis (Wacker et al., 2011). It will be exciting to extend the 
study of such modulations to the different contexts in which 
Notch signaling operates. 
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8.1. INTRODUCTION (cartilage, bone, smooth muscle) and non-ectomesenchymal 


The first vertebrates appeared some 500 million years 
ago, and much of what fueled their origin and early 
diversification can be credited to a small population of 
stem cells that appear only transiently during embryonic 
development—the neural crest (Gans and Northcutt 1983; 
Hall 2018; York and McCauley 2020a, 2020b; Trainor 
2013). Neural crest cells are centrally important to verte- 
brates because they are responsible for generating many 
of the morphological, physiological, and behavioral traits 
that define the vertebrate clade. Among these are cartilage 
and bone elements of the head, face, and neck; nearly all 
of the sensory neurons and glia of the peripheral nervous 
system; colorful patterns of pigmentation in skin, feathers, 
and scales; and even parts of the heart and teeth (Green et 
al. 2015; Jandzik et al. 2015; Square et al. 2016; Martik, 
Gandhi et al. 2019). 

Neural crest cells are found in all vertebrate embryos, and 
their development follows a course of events that is roughly 
similar across even distantly related groups (Green et al. 2015; 
York and McCauley 2020a). The precursors of these cells arise 
at the lateral edges of the neural plate (presumptive central ner- 
vous system, or CNS), a region known as the neural plate border 
(Le Douarin and Kalcheim 1999; Hall 2008a). During neurula- 
tion, neural crest stem cells expressing a definitive set of gene- 
regulatory factors localize to the dorsal region (“crest”) of the 
closing neural tube. From there, they undergo an epithelium- 
to-mesenchyme transition (EMT), delaminate from the neural 
epithelium, and migrate extensively throughout the embryo 
to sites where they will give rise to both ectomesenchymal 
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(neurons, glia, pigment) derivatives (Le Douarin and Kalcheim 
1999; Hall 2008a, 2008b). By studying and comparing how 
these processes play out in different vertebrates, it is possible 
to build a comprehensive picture of a shared developmental 
program for neural crest development. 

Much of our knowledge of neural crest developmental 
mechanisms has come from studies in a handful of ver- 
tebrate organisms, including mouse, chicken, zebrafish, 
and amphibians. These so-called model systems are the 
workhorses of modern embryology research, and for good 
reason. The embryos are relatively easy to obtain and rear 
in simple laboratory settings, they have well-annotated 
genomes and transcriptomes, and they are amenable to 
a wide range of molecular-genetic techniques. Among 
these, amphibian embryos—particularly those of the 
genus Xenopus—have historically been a “go-to” for sci- 
entists using perturbation experiments to gain mechanistic 
insights into developmental processes (Elsdale et al. 1960; 
Akira and Ide 1987; Sadaghiani and Thiébaud 1987). With 
the advent of powerful molecular biology and genomics 
approaches (Vize and Zorn 2017; Blum and Ott 2018; 
Kakebeen and Wills 2019), the contributions from this 
model system have only continued to grow. Indeed, stud- 
ies of the neural crest in Xenopus and other amphibians 
have yielded important discoveries regarding the develop- 
mental and evolutionary origins of these stem cells, their 
role in sculpting the vertebrate body plan and producing 
evolutionary novelty, and their links to human congenital 
disorders and diseases (Piekarski et al. 2014; LaBonne and 
Zorn 2015; Greenberg et al. 2019). 
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8.2. HISTORICAL BACKGROUND: THE 


IMPORTANCE OF AMPHIBIAN MODELS 
IN EARLY NEURAL CREST RESEARCH 


The neural crest was first described in chick embryos by 
Wilhelm His in 1868 (Figure 8.1A) (His 1868). He reported a 
band of cells—which he termed the Zwischenstrang—situated 
between presumptive epidermis (Hornblatt) and neural tube. 
In identifying what would become known as the neural crest 
(the term “neural crest” would not appear until 1879; Marshall 
1879), His had also implicitly mapped out key domains of the 
early vertebrate ectoderm, which he later outlined in more 
detail (His 1879). It was around this time that other researchers 
such as Balfour, Sagemhel, Kastschenko, and Marshall began 
describing neural crest cells in other vertebrates (Balfour and 
Foster 1876; Marshall 1879; Kastschenko 1888). 

Following the identification of neural crest in amphibians, 
these embryos became the focus of many of the classic stud- 
ies of neural crest cells throughout the late 19th and early 20th 
centuries (Horstadius 1950). Studies in amphibians gained 
further prominence with the advent of experimental embryol- 
ogy (or Entwicklungsmechanic), led by Wilhelm Roux. This 
new crop of experimentalists sought to manipulate, rather 
than simply describe, embryonic development. Amphibians 
are ideal for such studies because the embryos are large, 
develop externally, and are tolerant of physical perturbations 
such as grafting, microsurgery, and lineage tracing. For exam- 
ple, Brachet (1907), and Baker and Graves (1939) showed in 
Rana and Ambystoma, respectively, that neural crest progeni- 
tors could be identified at open neural plate stages. Studies in 
amphibians provided important insights into the lineages and 
derivatives that neural crest cells give rise to. In a series of 
papers, DuShane (1935, 1938) and Niu (1947) used elegant 
transplantation experiments to show a neural crest contribu- 
tion to melanocytes, whereas Harrison (1924), Detwiler and 
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Kehoe (1939), and Raven (1935, 1937) cleverly used dyes 
and grafting experiments to reveal the neural crest origin of 
spinal ganglia (also called dorsal root ganglia) and the dental 
papillae of teeth. One of the most important and controver- 
sial discoveries was made by Julia Platt (Figure 8.1B), who 
showed that the neural crest—a cell population ostensibly 
of ectodermal origin—generated craniofacial features, such 
as cartilage and dentine, thought to be strictly derived from 
mesoderm (Platt 1894). This seminal finding, later to be 
confirmed by others such as Sven Horstadius (Figure 8.1C) 
(Horstadius and Sellman 1941), ran counter to the prevailing 
dogma of August Weissman’s germ layer theory (Platt 1894; 
Hall 1998, 2008a, 2018). Raven would bolster the findings of 
Hoórstadius and Platt by using grafting experiments to show 
that during gastrulation, the neural crest was, in his terms, 
“omnipotent” and could give rise to cell types associated with 
all three germ layers (Raven 1935). 

These discoveries about the neural crest not only forced a 
reevaluation of one of the cornerstone theories of embryology, 
but they also revolutionized our understanding of vertebrate 
origins. The realization that many of the structures and cell 
types that define the vertebrate body plan are derived from 
neural crest made understanding the origins of these cells cen- 
tral to studies of vertebrate evolution. This was emphasized 
in the 1980s with the “New Head” hypothesis put forward by 
Gans and Northcutt (Gans and Northcutt 1983; Northcutt and 
Gans 1983; Gans 1989). In their model, the vertebrate head is 
a truly neomorphic structure, created in large part by neural 
crest (and placodes), and gave our early vertebrate ancestors 
a selective advantage by enabling the transition from a pas- 
sive, filter-feeding lifestyle to one of active predation (Gans 
and Northcutt 1983; Northcutt and Gans 1983; Gans 1989). 
Collectively, this early work in amphibians would cement the 
importance of the neural crest to both evolutionary and devel- 
opmental biology for decades to come. 


FIGURE 8.1 


Key figures in the early history of neural crest research. (A) Wilhelm His, (B) Julia Platt, and (C) Sven Horstadius. 


Source: Image from Marine Biological Laboratory Archives, http://creativecommons.org/licenses/by-nc-sa/3.0/ 
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8.3. INSIGHTS INTO NEURAL CREST 


DEVELOPMENT FROM XENOPUS 
IN THE ERA OF MOLECULAR 
BIOLOGY AND “-OMICS” 


Up until the 1970s and 1980s, nearly all of our under- 
standing of the mechanisms of embryonic development in 
amphibians relied on either observation or relatively simple 
methods of experimentation and biochemical characteriza- 
tion (Nieuwkoop 1973; Gurdon and Hopwood 2003). While 
these approaches, led in large part by the pioneering work of 
Peter Nieuwkoop and David Newth, fundamentally advanced 
our understanding of vertebrate development, they could not 
provide a mechanistic, molecular-genetic understanding of 
these processes. The development of widely used molecular 
techniques such as in situ hybridization and immunohisto- 
chemistry (Clarke et al. 1984; Hemmati-Brivanlou et al. 
1990) positioned Xenopus as a system that could rapidly 
provide key insights into the roles of molecules and genes 
during vertebrate development (Gurdon and Hopwood 2003). 
Within the last two decades, an expanded arsenal of powerful 
new technologies, including morpholinos and antisense RNA 
(Heasman et al. 2000), CRISPR/Cas9-mediated genome 
editing (Nakayama et al. 2013; Aslan et al. 2017; DeLay et al. 
2018), unbiased genome-wide approaches (RNA-Seq, ChIP- 
Seq, ATAC-Seq) (Hellsten et al. 2010; Bright and Veenstra 
2019; Gentsch and Smith 2019; Hontelez et al. 2019), trans- 
genic lines (Alkobtawi et al. 2018; Li et al. 2019), proteomics 
(Wiihr et al. 2014), and single-cell sequencing (Briggs et al. 
2018) became available, greatly expanding the Xenopus 
developmental biologists’ toolkit and providing unparalleled 
insights into embryo development. 

Use of these tools in Xenopus has significantly enhanced 
our understanding of the complex, interconnected web of 
molecular-genetic interactions that drive neural crest devel- 
opment (Prasad et al. 2012). These gene-regulatory interac- 
tions progressively drive the development of the neural crest 
from an early stem cell state through lineage diversification 
and differentiation into derivatives such as cartilage, neu- 
rons, and pigment cells (Meulemans and Bronner-Fraser 
2004; Prasad et al. 2012). Although the neural crest gene 
regulatory network (GRN) is spatially and temporally con- 
tinuous and hence cannot be reduced into fully separable 
components, we can nonetheless identify distinct GRN 
“subcircuits” or “modules” that serve dedicated functions at 
certain times and places during development. For example, 
some of these subcircuits direct cell migration, whereas 
others govern pluripotency and lineage restriction. In the 
following, we describe our current understanding of these 
processes in Xenopus, focusing on the functional roles of 
evolutionarily conserved GRN subcircuits. 


8.3.1. NEURAL Crest PROGENITORS AND ESTABLISHMENT 
OF THE NEURAL PLATE BORDER 

Definitive neural crest cells can first be identified using 
molecular markers during gastrulation (~stage 11/12) in 
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Xenopus (Mayor et al. 1995; O’Donnell et al. 2006). The 
importance of tissue interactions in establishing the neural 
crest was demonstrated in Xenopus as early as the 1940s 
using in vivo grafting studies that juxtaposed lateral archen- 
teron roof (paraxial and lateral plate mesoderm precursors) 
to non-neural ectoderm (Raven and Kloos 1945). This was 
later confirmed using molecular markers: combining non- 
neural ectoderm and mesoderm explants was sufficient to 
induce expression of snai2 (one of the first identified neu- 
ral crest markers, formerly known as slug) and promote 
melanocyte formation (Bonstein et al. 1998). Such stud- 
ies led to a search for the signals released by these tissues. 
As in other vertebrates, establishment of definitive neural 
crest involves the combined activity of several evolution- 
arily conserved signaling pathways (Mayor et al. 1995; 
LaBonne and Bronner-Fraser 1998; Klymkowsky et al. 
2010; Prasad et al. 2012). This includes intermediate levels 
of BMP activity, in contrast to the high and low levels that 
characterize the epidermal and neural ectoderm, respec- 
tively (Wilson and Hemmati-Brivanlou 1995; Weinstein 
and Hemmati-Brivanlou 1997; LaBonne and Bronner-Fraser 
1998; Marchant et al. 1998). Decreased levels of BMP sig- 
naling are achieved via the activity of secreted BMP inhibi- 
tors, such as noggin (Lamb et al. 1993; Zimmerman et al. 
1996), chordin (Piccolo et al. 1996), follistatin (Fainsod et 
al. 1997; lemura et al. 1998), and gremlin 1 (Hsu et al. 1998), 
as well as other genes and pathways that modulate BMP 
activity directly or indirectly (e.g. snai2, tsku, dlll/notchl, 
traf4, snw1) (Glavic et al. 2004; Kalkan et al. 2009; Wu and 
Hill 2009; Shi et al. 2011; Wu et al. 2011). Intermediate lev- 
els of BMP activity are not sufficient to establish a neural 
crest state, however (LaBonne and Bronner-Fraser 1998). 
There is evidence that both canonical and non-canonical 
Wnt signaling and Wnt-mediated FGF signaling are key 
players in this step (Mayor et al. 1997; Chang and Hemmati- 
Brivanlou 1998; Villanueva et al. 2002; Monsoro-Burq et al. 
2003; Wu et al. 2005; Abu-Elmagd et al. 2006; Hong et al. 
2008; Steventon et al. 2009; Borday et al. 2018). Inhibition 
of either signaling pathway abrogates expression of neural 
crest markers and results in loss of neural crest derivatives, 
whereas enhanced signaling can expand the pool of neural 
crest progenitors. Work in Xenopus has made major contri- 
butions to identifying the novel proteins and mechanisms 
that amplify or attenuate these signals, including Kcetd15, 
Apocl, Hes3, Dkk2, Adam33, Adam19, Szl, and Daam1 
(Table 8.1). There is also evidence for roles for DI11/Notch1 
(Glavic et al. 2004; Kuriyama et al. 2006), and retinoic acid 
pathways (Li et al. 2018) in establishing neural crest, as well 
as from other genes typically studied at slightly later stages 
of neural crest ontogeny, such as tfap2a (Luo et al. 2003) and 
adam33 (Wei et al. 2010). In addition to signals regulating 
nuclear gene expression, some studies have identified path- 
ways and proteins linked to mechanical processes includ- 
ing control of the cytoskeleton and tight junction assembly 
as important for early neural crest formation. These include 
Rhov (Guémar et al. 2007) and Marveld3-mediated attenu- 
ation of Jnk/Mapk8 signaling (Vacca et al. 2018). Similar 
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roles have been described for Kremen2, which mediates 
its effects through canonical Wnt signaling (Hassler et al. 
2007). Taken together, the combined activity of these pro- 
teins and signaling pathways establishes an embryonic ter- 
ritory, the neural plate border, which constitutes the earliest 
recognizable domain of the neural crest in vertebrates. 

The neural plate border region is characterized by the 
expression of a set of transcription factors implicated in 
intricate regulatory interactions that include positive and 
negative feedback loops, feed-forward loops, and mutual 
repression. Although there is substantial inter-species varia- 
tion in spatiotemporal expression patterns and the exact 
types of regulatory interactions, all vertebrates nonetheless 
express a common suite of neural plate border genes. For 
Xenopus, these include members of the Pax (pax3, pax7) 
(Milet et al. 2013), Msx (msx1, msx2) (Khadka et al. 2003; 
Monsoro-Burq et al. 2005), and Zic (zicl, zic2, zic3, zic5) 
(Kuo et al. 1998; Nakata et al. 1998) families, as well as 
dlx3 (Feledy et al. 1999; Luo et al. 2001), gbx2.2 (Li et al. 
2009), irx] (Glavic et al. 2004), snail (Aybar et al. 2003), 
tfap2a (de Crozé et al. 2011), and hes4/hairy2 (Vega-López 
et al. 2015). Recently, there has been evidence that miRNAs 
(mir-30la, mir-338) and miRNA-associated proteins are 
also expressed at the neural plate border and may be impor- 
tant for maintaining pluripotency (Gessert et al. 2010; Ward 
et al. 2018). Together, these factors progressively refine the 
spatial boundaries of the neural crest domain to distinguish 
it from adjacent tissues, activate downstream target genes 
responsible for maintaining the neural crest in a stem cell 
state, and eventually endow these cells with the ability to 
migrate (Bae et al. 2014). 

Work in Xenopus has suggested that the core regulatory 
circuitry of the neural plate border includes pax3, msx1, zicl, 
and tfap2a (Hong and Saint-Jeannet 2007; Plouhinec et al. 
2014; Pla and Monsoro-Burq 2018). There is evidence that 
these transcription factors are some of the earliest targets of 
signaling through Wnt, BMP, FGF, and retinoic acid pathways 
and pattern the neural plate border by mediating the effects 
of these signaling pathways on downstream targets (Tribulo 
et al. 2003). Some neural plate border factors are capable of 
driving expression of downstream neural crest genes in neu- 
ralized (i.e. BMP-attenuated) ectodermal explants. For exam- 
ple, expression of either tfap2a or msx1 in neuralized explants 
is sufficient to activate expression of neural crest genes pax3, 
msxl, sox9, sox10, snai2 (Monsoro-Burq et al. 2005; Sato et 
al. 2005; Hong and Saint-Jeannet 2007; de Crozé et al. 2011). 
Gain- and loss-of-function experiments have revealed some of 
the epistatic relationships among neural plate border factors, 
as well as the signaling pathways through which they mediate 
regulatory control. For example, msx/ is required for activa- 
tion of pax3, whereas tfap2a can coordinate with canonical 
Wnt signaling to activate pax3 (de Crozé et al. 2011). pax3 
then works with msx/ to promote FGF signaling by activating 
early neural crest genes such as snai2. Unlike the Tfap2a and 
Msxl factors, neither Pax3 nor Zicl alone are capable of pro- 
moting formation of neural crest cells in neuralized explants. 
However their combined activity is sufficient to drive robust 
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expression of sox9, soxl0, snai2, and meis3, followed by 
tubb2b (n-tubulin) and th (tyrosine hydroxylase) during differ- 
entiation into neural and melanocyte derivatives, respectively 
(Maeda et al. 2001). Combined Pax3/Zicl activity can also 
promote Cadherin switching, EMT, and production of mela- 
nocytes in ectodermal explants (Milet and Monsoro-Burq 
2012) and can reprogram other tissues such as ventral ecto- 
derm toward a neural crest progenitor state (Sato et al. 2005; 
Milet et al. 2013). Importantly, however, these effects on the 
neural crest are highly dose dependent. For example, although 
increased levels of Pax3 can promote ectopic neural crest, 
high pax3 expression converts neural crest-fated ectoderm to 
an alternative fate, hatching gland (Hong and Saint-Jeannet 
2007). Another important function of neural crest GRN com- 
ponents at these stages is to refine spatial boundaries between 
neural crest and other ectodermal populations. This can occur 
through transcriptional repression of sox2 and sox3 by Snail 
at the lateral edges of the neural plate (LaBonne and Bronner- 
Fraser 1998, 2000; Aybar et al. 2003; Langer et al. 2008) and 
by Nbx/Nkx1-2-mediated inhibition of sox2 and otx2 (Kurata 
and Ueno 2003). Conversely, Prdm12 is expressed in the pre- 
placodal ectoderm and can inhibit expression of neural crest 
genes such as foxd3, snai2, and sox8 (Matsukawa et al. 2015). 

Beyond the core neural plate border subcircuit consisting 
of pax3-msx1-zicl-tfap2a, studies in Xenopus have uncov- 
ered additional factors essential for regulating the establish- 
ment of definitive neural crest. These include Pbx1 and Meisl 
(Maeda et al. 2002), Pedh7 (Rashid et al. 2018), K1f4/Neptune 
(Kurauchi et al. 2010), and Znf703, which act downstream of 
Pax3 (Hong and Saint-Jeannet 2017) and activate the neural 
crest genes snai2 and sox10. Similarly, Hmga2 (Macri et al. 
2009, 2016) and Fbxw7/Cdc4 (Almeida et al. 2010) act 
downstream of Pax3 and Msx! and upstream of myc, snail, 
and snai2. More recently, unbiased genome-wide analyses 
have described the global transcriptomic landscape at the 
neural plate border. These studies have suggested that, once 
activated, Pax3 creates an autoregulatory loop and, together 
with Zicl, activates definitive neural crest regulatory factors 
including ednra, gbx2.2, sox8, sox9, soxl0, twistl, tfap2b, 
snai2, and foxd3 (Bae et al. 2014; Plouhinec et al. 2014). 
Many of these interactions were found to promote Wnt and 
retinoic acid signaling, confirming observations from ear- 
lier work (Bae et al. 2014; Plouhinec et al. 2014). Moreover, 
some of these interactions are likely direct, as in the case 
with Pax3 and Zicl directly regulating expression of snail/ 
snai2 (Bae et al. 2014; Plouhinec et al. 2014). 

The proteins Snail and Snai2 are widely recognized for 
their roles in regulating early neural crest stem cell develop- 
ment. They have been historically categorized as transcrip- 
tional repressors (Barrallo-Gimeno and Nieto 2005, 2009), 
and this activity is key to sharpening the medial-lateral 
boundaries of the early neural crest by repressing expres- 
sion of pro-neural soxb1 (sox2, sox3) factors (LaBonne and 
Bronner-Fraser 2000; Acloque et al. 2011). Another mecha- 
nism by which Snail and Snai2 factors control the spatial 
boundaries and balance of neural crest proliferation is by 
regulating apoptosis. In Xenopus Snai2 has been proposed 
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to promote neural crest cell survival, which is antago- 
nized by Msx2-mediated pro-apoptotic signals in the same 
domain (Tribulo et al. 2004). Although numerous targets 
of Snail and Snai2 have been identified at various stages 
of neural crest ontogeny, much remains to be learned about 
how snail and snai2 expression is regulated. There is evi- 
dence that BMP (Vallin et al. 2001), Wnt (Li, et al. 2019), 
and retinoic acid signaling (Tamanoue et al. 2010), as well 
as rho GTPases (Broders-Bondon et al. 2007), all activate 
expression of snail and snai2. By contrast, YY1 appears 
to repress snai2 expression at the lateral edge of the neu- 
ral plate border, thereby ensuring that the domain of Snai2 
activity does not encroach on the presumptive epidermal 
ectoderm (Morgan et al. 2004). 

The SRY-related HMG-box (sox) genes comprise a large 
superfamily of transcription factors that play diverse roles 
in metazoan embryogenesis. In vertebrates, the SoxE (Sox8, 
Sox9, Sox10) and SoxD (Sox5, Sox6) subfamilies play reit- 
erated roles in neural crest development. In Xenopus, sox8, 
sox9, and soxl0 are expressed sequentially (Buitrago- 
Delgado et al. 2018) and direct neural crest stem cell for- 
mation (Spokony et al. 2002; Honoré et al. 2003; Lee et al. 
2004; O’Donnell et al. 2006). Similarly, sox3 is expressed in 
premigratory neural crest and morpholino-mediated knock- 
down leads to loss of neural crest gene expression (Nordin 
and LaBonne 2014). 

Other factors involved in establishing neural crest stem 
cells include Tfap2 (alpha, beta and gamma, epsilon variants) 
(Gotoh et al. 2003; Zhang et al. 2006; de Crozé et al. 2011; 
Hong et al. 2014), Myc (Bellmeyer et al. 2003), Id3 (Light et al. 
2005), and Hes4/Hairy2 (Nagatomo and Hashimoto 2007). 
These proteins are all required for neural crest formation and 
maintenance of pluripotency. id3 is a key Myc transcriptional 
target in neural crest stem cells (Reynaud-Deonauth et al. 
2002; Light et al. 2005) and controls lineage restriction in 
these cells by regulating the balance between proliferation 
and cell death (Kee and Bronner-Fraser 2005). In Xenopus 
neural crest, Id3 can be regulated in part by physical inter- 
actions with Hes4/Hairy2 (Nichane et al. 2008). Moreover, 
both Hes4/Hairy2 and Id3 regulate, and are regulated by, 
Stat3.1 signaling, with high levels of stat3.1 promoting plu- 
ripotent maintenance and low levels triggering differentiation 
(Nichane et al. 2010). The transcription factor Ets! also drives 
neural crest specification and migration via interactions with 
Vel13 (Simon et al. 2017) and promotes formation of cardiac 
neural crest in Xenopus (Nie and Bronner 2015). 

More work is needed to identify the direct transcriptional 
targets of each of the key neural crest factors to fully under- 
stand their individual regulatory contributions, and Xenopus 
provides an ideal system for such studies. Importantly, a num- 
ber of these factors can act as both transcriptional activators 
and repressors in a context-dependent manner, complicating 
efforts to build simple GRNs depicting their regulatory hier- 
archies. In addition, the activities of a number of neural crest 
regulatory factors have been shown to be regulated by post- 
translational modifications, including phosphorylation and 
SUMOylation (Taylor and LaBonne 2007). Studies in Xenopus 


129 


have shown that although Sox9 and Sox10 can promote the 
neural crest stem cell state as well as glia and melanocyte 
formation, their activity can be modified by SUMOylation, 
which converts them to transcriptional repressors and pro- 
motes ear formation (Taylor and LaBonne 2005; Lee, Taylor- 
Jaffe et al. 2012). Similarly, the activity of Twistl and Snail 
in the neural crest is regulated by ubiquitination (Vernon and 
LaBonne 2006; Lander et al. 2011, 2013). Understanding both 
post-translational regulation and transcriptional targets is thus 
essential to understanding how individual neural crest factors 
contribute to the control of developmental potential, the con- 
trol of invasive and migratory behavior, and the capacity to 
give rise to specific lineage states. 


8.3.2. NEURAL Crest EMT AND MIGRATION 


The establishment of a definitive neural crest state requires 
gene regulatory circuits to maintain the broad developmen- 
tal potential of these cells while endowing them with the 
capacity for migratory and invasive behavior and potentially 
biasing them in their capacity to transit to specific lineage 
fates. The set of identified GRN components function- 
ing at these stages in Xenopus is quite large (Pegoraro and 
Monsoro-Burq 2013), and there is likewise substantial varia- 
tion in gene regulatory activity across the vertebrate phy- 
logeny. However, a common suite of proteins and signaling 
pathways for enabling EMT and migration are deployed by 
representatives of all major vertebrate lineages studied to 
date. These include Twistl, Snail/Snai2, Tfap2a/b, Foxd3, 
Ets1, Myc, Id3 and signaling pathways including Endothelin, 
BMP, Wnt, and FGF, as well as novel factors such as Anosl, 
Phb, Slc19al/rfc, Zfand6/awpl, and Sp5 (Table 8.1). 

The proteins Twistl and Twist2 are bHLH transcrip- 
tion factors that play key roles in mesodermal development 


TABLE 8.1 
Novel/Non-Canonical Genes Identified as Being Essential 
for Regulating the Neural Crest GRN 


Gene Functional Roles References 

kctd 15 Inhibits neural crest formation Dutta and Dawid 2010 

apocl Induction/Wnt signaling Tamai et al. 2000 

hes3 Induction and NPB Hong and Saint-Jeannet 
establishment 2018 

dkk2 NPB establishment/Wnt Devotta et al. 2018 
signaling 

adam33 Induction/Wnt signaling Wei et al. 2010 

adam19 Induction/Wnt signaling Li et al. 2018 

sal Induction/Wnt signaling Salic et al. 1997 

anos1 Formation of cranial neural Bae et al. 2018 
crest/placodes 

zfand6/ Early neural crest formation Seo et al. 2014 

awpl 
phb Early neural crest formation Schneider et al. 2010; 
Deichmamn et al. 2015 
sp5 Early neural crest formation Park et al. 2013 
slc19al/rfc Epigenetic regulation Li et al. 2011 
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across bilaterians. They are also instrumental in specify- 
ing a subset of neural crest cells. In Xenopus, morpholino- 
mediated depletion of Twist! leads to defects in neural crest 
specification and migration and ultimately results in loss of 
neural crest-derived elements of the head skeleton (Lander 
et al. 2011). Forced expression of Twistl in Xenopus also 
partially inhibits some aspects of neural crest development, 
in part by pushing them toward an ecto-mesenchymal fate at 
the expense of non-ectomesenchyme (Lander et al. 2011). 
Twistl, along with several other factors (Snail, Sipl, Hifla), 
regulates EMTs in diverse cell types, including neural crest 
in Xenopus (Linker et al. 2000; Lander et al. 2011; Barriga 
et al. 2013). Twist! mediates this EMT program in part by 
physically interacting with and modulating the activity of 
Snail/Snai2 proteins, which is regulated by Gsk38-mediated 
phosphorylation (Lander et al. 2013). 

Snail family transcription factors are also important for 
regulating cell migration across metazoans (Nieto 2002). In 
most vertebrates, including Xenopus, both Snail and Snai2 
factors are essential for regulating neural crest EMT (Carl, 
Dufton et al. 1999; LaBonne and Bronner-Fraser 2000; 
Aybar et al. 2003; Heeg-Truesdell and LaBonne 2004), 
although there is evidence that some of their functions are 
partially redundant and have been swapped during evolu- 
tion (Locascio et al. 2002). The mechanisms by which Snail 
and Snai2 control neural crest EMT have been a topic of 
intense study. This typically occurs by direct transcriptional 
repression of genes that promote epithelial integrity (e.g. 
cdh1) (Cano et al. 2000; Langer et al. 2008), which is often 
enhanced by physical interaction with other EMT factors, 
including the Polycomb repressor complex (Tien et al. 2015), 
Imo4 (Ochoa et al. 2012; Ferronha et al. 2013), and Ajuba 
LIM-domain proteins (Langer et al. 2008). Moreover, the 
ability of Snail and Snai2 to exert their effects on neural 
crest formation and migration are highly dependent upon 
their stability, which is controlled by the F-box protein Ppa 
(Vernon and LaBonne 2006; Lander et al. 2011) and can be 
stabilized by Elp3 (Yang et al. 2016). 

The forkhead box/winged helix transcription factor Foxd3 
also plays critical roles in both controlling the neural crest 
stem cell state and in promoting EMT. Work in Xenopus has 
shown that knockdown of Foxd3 activity reduces expres- 
sion of neural crest regulatory factors and causes defects in 
neural crest migration (Sasai et al. 2001). A similar result 
is obtained when foxd3 is ectopically expressed, suggesting 
that precise levels of this transcription factor are required 
for normal neural crest development (Pohl and Knóchel 
2001). Although homologs of forkhead/fox genes are found 
in invertebrates, the vertebrate foxd3 paralog is uniquely 
suited for specification and EMT in the neural crest by hav- 
ing evolved a unique N-terminal sequence (Ono et al. 2014). 

Because neural crest cells contribute derivatives through- 
out the body plan, they must migrate extensively to reach 
those sites (Theveneau and Mayor 2012b; Gouignard et al. 
2018). Xenopus is the only tetrapod model in which this com- 
plex process can be studied both in vitro and in vivo, enabling 
fine-grained quantitative analysis of the migratory properties 
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of neural crest cells (Borchers et al. 2000; Alfandari et al. 
2010; Toro-Tapia et al. 2017; Barriga et al. 2019). The cra- 
nial neural crest in amphibians initiates migration in three 
discrete streams along the anterior-posterior axis, termed 
mandibular, hyoid, and branchial (Sadaghiani and Thiébaud 
1987; Szabó et al. 2019). Trunk neural crest cells typically 
migrate individually or in small clusters (Krotoski et al. 
1988; Theveneau and Mayor 2012b; Vega-Lopez et al. 2017; 
Shellard et al. 2018; Li, Vieceli et al. 2019). 

In most vertebrates, neural crest migration requires a 
“Cadherin switch,” in which pro-epithelial Cadherins, such 
as Cdhl, are degraded and transcriptionally repressed and 
replaced on the cell surface with Cadherins that enable 
migration (e.g. Cdh6, Cdh7, Cdh11) (Levi et al. 1991; Vallin 
et al. 1998; Nandadasa et al. 2009; Theveneau and Mayor 
2012a; Langhe et al. 2016; Taneyhill and Schiffmacher 
2017). Of these, Cdh11 is a target for cleavage by various 
proteases, and one of its soluble cleavage products inter- 
acts with Cdgfra, Cgfrl, and Crbb2—all of which promote 
migration (Mathavan et al. 2017). Interestingly, while cdh11 
is highly expressed in migratory neural crest in Xenopus, 
(Vallin et al. 1998; Borchers et al. 2001; Becker et al. 2013), 
cdhl is as well (Huang et al. 2016; Cousin 2017), raising 
questions about the role for classical Cadherin switching in 
neural crest migration in amphibians. 

Neural crest migration requires active remodeling of the 
extracellular environment, as well as interplay between the 
extracellular environment, cell surface, nucleus, and cyto- 
plasm. Xenopus is an advantageous system in which to dissect 
these complex interactions, particularly given the ability to 
carry out lateralized manipulations that use the contralateral 
side of the same embryo as a control for normal migration 
and to combine both in vivo and ex vivo experiments. A recent 
fundamental discovery that took advantage of these attributes 
showed the degree to which mechanical forces drive neural 
crest behavior. This elegant study showed that the mesoderm 
surrounding premigratory neural crest undergoes stiffening 
and that the mechanical forces of this stiffening are both nec- 
essary and sufficient to trigger migration (Barriga et al. 2018). 
Integrin, Vinculin, and Talin proteins sense these mechanical 
perturbations and then relay this information inside the cell 
to mediate gene regulatory changes necessary for migration. 
This work built on prior studies in Xenopus demonstrating 
the importance of interactions between cell surface proteins 
and the extracellular environment for controlling migra- 
tion (Epperlein et al. 1988). Many of these interactions also 
require the activity of proteases, including Adam33, which 
has been shown to remodel fibronectin substrates and cad- 
herins (Alfandari et al. 1997; Cai et al. 1998; McCusker et al. 
2009; Cousin et al. 2012; Abbruzzese et al. 2016). 


8.3.3. NEURAL Crest LINEAGE DIVERSIFICATION 


One of the hallmarks of the neural crest is its capacity to gen- 
erate remarkably diverse cell types and structures, including 
cartilage; bone; neurons; glia; melanocytes; and components 
of the endocrine system, heart, and teeth (Le Douarin and 
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Kalcheim 1999; Hall 2008a, 2018). Importantly, many of the 
same transcription factors and signaling pathways that play 
roles in controlling the neural crest stem cell state are re- 
deployed to direct transit to specific lineage states, includ- 
ing SoxD/E families, Foxd3, Wnt, and BMP. However, in 
this new context, these transcription factors and pathways 
must control a new set of regulatory targets that will pro- 
mote and characterize a differentiated state. As the list of 
neural crest-derived structures is vast, here we focus on two 
derivatives where work in Xenopus has made fundamental 
contributions that have informed work in other models: the 
craniofacial skeleton and melanocytes. The full set of neural 
crest derivatives have been comprehensively reviewed else- 
where (Le Douarin and Kalcheim 1999; Hall 2008a, 2018; 
Schock and LaBonne 2020). 

The formation of the neural crest-derived head skeleton 
requires an early phase of patterning followed by differ- 
entiation via chondrogenesis and, eventually, osteogenesis 
(Gross and Hanken 2005). The three-dimensional structure 
of the head skeleton is delineated early in development by 
Wnt and BMP signaling (Jacox et al. 2016). These pathways 
create a Cartesian coordinate system of transcription factors 
and other signaling molecules that interact along the dorsal- 
ventral (DV) and anterior-posterior (AP) axes. The function 
of this system is to specify cell type and structural identity 
of specific skeletal elements. For the DV axis, this involves 
nested and combinatorial expression of dlx, alx, msx, prrx, 
emx, and hand transcription factors. The precise combina- 
tion of these nested expression patterns is what confers skele- 
tal identity. For example, handl, hand2, dlx1, dlx2, dlx5, and 
dlx6 are all expressed in the ventral pharynx and lower jaw 
precursors, whereas a dlx1/dlx2-positive and handl/hand2- 
negative domain is expressed dorsally and generates the 
upper jaw skeleton (Square et al. 2015). Similarly, expres- 
sion of barx, nkx, gdf5, and zax genes, along with signal- 
ing by Satb2 and Endothelins, prefigures the jaw joint in the 
intermediate pharynx (Newman et al. 1997; Reisoli et al. 
2010; Square et al. 2015; Lukas and Olsson 2018; Lukas et 
al. 2020). Finally, recent work has shown that intercellular 
signaling by the Endothelin pathway—one of just a few sig- 
naling pathways that is truly unique to vertebrates—is cru- 
cial for establishing the DV patterning program, a feature 
conserved between Xenopus and lamprey, a jawless verte- 
brate (Bonano et al. 2006; Kawasaki-Nishihara et al. 2011; 
Square et al. 2016, 2020). 

A similar patterning role for hox genes occurs along 
the AP axis. An anterior hox-negative expression domain 
generates oropharyngeal elements such as Meckel's carti- 
lage, with increasingly nested hox expression domains more 
posteriorly prefiguring the gill-bearing ceratobranchial 
cartilages. The importance of this AP hox expression code 
in Xenopus was demonstrated by knockdown and overex- 
pression experiments. When hoxa2 was over-expressed in 
post-migratory neural crest, homeotic transformations were 
observed wherein the anterior jaw skeleton of the first arch 
was transformed into a hyoid skeleton, a second-arch deriv- 
ative (Pasqualetti et al. 2000). Complete knockdown of the 
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entire first hox paralogous group (hoxal, hoxbl1, and hoxdl) 
caused more severe defects, including an inability of cranial 
neural crest to colonize the pharyngeal arches (McNulty et 
al. 2005). 

After patterning, differentiation of cranial neural crest 
cells requires expression of several transcription factors 
known to be important for chondrogenesis and osteogenesis 
across vertebrates (Square et al. 2016). These include mem- 
bers of the SoxE (Sox8, Sox9), SoxD (Sox5, Sox6), and Runx 
(Runx2) transcription factor families and FGF, BMP, and 
retinoic acid signaling pathways (Golub et al. 2000; Eimon 
and Harland 2001; Spokony et al. 2002; Lee et al. 2004; 
Kerney et al. 2007; Tahir et al. 2014). Interactions between 
neural crest cells and surrounding tissues (mesoderm and 
endoderm) are also required for proper differentiation, and 
this likely reflects the requirement for continued input from 
signaling pathways (Seufert and Hall 1990). Overall, these 
tissue interactions and transcription factor activities promote 
expression of proteins (e.g. Collagens, Aggrecans, Lectins) 
that mark the transition from progenitor regions to differ- 
entiated skeletal elements (Seufert et al. 1994; Evanson and 
Milos 1996; Kerney et al. 2010). 

Melanocytes are responsible for creating the colorful pat- 
terns of pigmentation observed in the skin, feathers, and scales 
of phylogenetically diverse vertebrates, including amphib- 
ians (Dupin and Le Douarin 2003). In Xenopus, as in other 
vertebrates, the transcription factor Sox10 acts as a key regu- 
lator of melanocyte development by activating expression of 
mitf and is also required, along with Endothelin signaling, for 
proper melanocyte migration (Aoki et al. 2003; Kawasaki- 
Nishihara et al. 2011). Indeed, neural crest-derived melano- 
cyte precursors in the head are readily identified in Xenopus 
embryos days before they actually differentiate by expres- 
sion of the endothelin receptor, ednrb2 (Square et al. 2016). 
The progression from melanocyte precursor to fully differ- 
entiated melanocyte in both Xenopus and Rana proceeds 
along the dorsal-ventral axis controlled by an antagonism 
between melanocyte-stimulating and melanocyte-inhibiting 
factors and their corresponding receptors, and defects in 
these features may underlie the albinism of natural Xenopus 
mutants (Fukuzawa and Ide 1987; Fukuzawa and Bagnara 
1989). Signaling interactions between neural crest-derived 
melanocyte precursors and the surrounding tissues through 
which they migrate strongly influence both the migratory 
routes of these cells and their subsequent patterns of mela- 
nophore pigmentation (MacMillan 1976; Milos and Wilson 
1986; Frunchak and Milos 1990). 


8.4. THE ORIGINS OF NEURAL 
CREST POTENTIAL 


One of the most remarkable features of the neural crest is its 
ability to produce such a large and diverse array of cell types 
and structures. This impressive developmental potential is 
most obvious when considering that neural crest cells pro- 
duce derivatives associated with both ectodermal (neurons) 
and mesodermal (cartilage, bone) germ layers and also make 
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contributions to endodermal organs (thymus, thyroid). This 
has led to their being considered by some a “fourth germ 
layer” (Hall 2008a; Le Douarin and Dupin 2014) (Figure 
8.2A), and their multi-germ layer potential has at times 
fomented controversy and confusion in the field. 

According to C.H. Waddington’s classic model of devel- 
opmental potential, stem cells transit through a series of deci- 
sion points which progressively restrict their developmental 
potential until they ultimately commit to a specific lineage 
state (Waddington 1947, 1957; Slack 2002). Waddington 
(1947, 1957) depicted this process in his iconic landscape 
analogy. In Waddington’s landscape, a pluripotent stem cell 
can be envisioned as a ball rolling down a hill, with each 
position at the bottom representing a unique differentiated 
state. As the ball descends, it will be influenced, in part by 
the landscape itself, to “choose” which of the bifurcating 
troughs and valleys it will travel down until it reaches a final 
position at the base. In Waddington’s analogy, once a cell 
“descends” down particular pathways of identity, its future 
potential will always be less than what it was previously— 
the ball cannot roll back up the hill. 

Viewed through the lens of germ layer theory, however, 
neural crest cells seem to be an exception to Waddington’s 
model. Despite their origins in the ectoderm, neural crest 
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cells exhibit developmental potential that is greater than that 
of ectoderm, giving rise to extensive mesodermal derivatives 
and contributing to tissues of otherwise endodermal origin 
(Le Douarin and Kalcheim 1999). Early work showed that a 
combination of inductive cues from paraxial mesoderm and 
non-neural ectoderm were able to trigger the formation of 
neural crest stem cells and derivatives from ectoderm (Raven 
and Kloos 1945; Bonstein et al. 1998; Marchant et al. 1998), 
suggesting that ectoderm could somehow “re-gain” devel- 
opmental potential, in opposition to Waddington’s model. 
More recent work has suggested a model that reconciles 
Waddington’s landscape with the unique features of the ver- 
tebrate neural crest (Buitrago-Delgado et al. 2015). 

Work in Xenopus has shown that many of the transcription 
factors and signaling pathways crucial for genesis of neural 
crest cells are first expressed in the pluripotent animal pole 
cells of the blastula. These include signals such as BMP and 
FGF and a large set of transcription factors including Myc, Id3, 
Snail, Sox5, Tfap2a, Foxd3, Ets1, Pax3, and Zicl that are co- 
expressed with canonical pluripotency factors such as Sox2, 
Sox3, Ventx2.2 (Xenopus equivalent of Nanog), and Oct25/ 
Oct60 (Xenopus equivalents of Oct4) (Morrison and Brickman 
2006; Nordin and LaBonne 2014; Buitrago-Delgado, Nordin 
et al. 2015; Buitrago-Delgado, Schock et al. 2018; Geary and 
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FIGURE 8.2 Insights into neural crest pluripotency from the past and present. (A) Examples of neural crest derivatives demonstrating 
pluripotency. (B) New model for how retention of pluripotency by neural crest cells can be reconciled with Waddington’s landscape 
of cellular potential. (C) Diagram adapted from Horstadius (Horstadius 1950) of Raven’s transplantation experiments in amphibians 


demonstrating neural crest pluripotency in vivo. 
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LaBonne 2018). These findings indicate that neural crest cells 
and pluripotent blastula cells are similar at the gene regula- 
tory level and provide novel insights into the broad multi-germ 
layer developmental potential that characterizes the neural 
crest. Indeed, work in Xenopus has demonstrated that neural 
crest cells can not only contribute to ectoderm and mesoderm 
but also endoderm (Buitrago-Delgado et al. 2015). The lat- 
ter provides new context to the contributions of neural crest 
cells to endoderm-derived organs such as the adrenal gland, 
thyroid, and thymus (Pearse and Polak 1971; Le Douarin and 
Teillet 1974; Polak et al. 1974; Le Douarin and Jotereau 1975; 
Bockman and Kirby 1984; Le Douarin and Kalcheim 1999). 

The similarities between neural crest and blastula stem 
cells extend beyond shared transcription factor circuitry. FGF/ 
MAPK signaling is required for establishment of neural crest 
development and maintenance of pluripotency and proper 
lineage restriction of blastula stem cells. Both processes are 
accompanied by a decrease in MAPK signaling and increase 
in PI3K/Akt signaling (Geary and LaBonne 2018). This can be 
replicated in vitro as Pax3/Zicl-mediated reprogramming of 
animal cap cells to a neural crest state results in robust MAPK 
signaling with low levels of PI3K (Geary and LaBonne 2018). 

Similar results are obtained with transcription factors. 
Both Snail and Sox5 regulate pluripotency factors and lineage 
restriction in the blastula and the formation of neural crest 
cells both in vitro and in vivo. SoxS has been shown to partner 
with BMP R-Smads to regulate expression of target genes in 
the blastula (ventx2.2, id3), neural crest (msx/), and epidermis 
(krt12.4/epk) (Nordin and LaBonne 2014; Buitrago-Delgado 
et al. 2015). Similarly, inhibition of Snail function revealed 
that it regulates expression of most of the core pluripotency 
network (sox2/3, oct25/60, ventx2.2, tfap2a, id3) in the blas- 
tula in vivo and is essential to direct proper lineage restriction 
of pluripotent blastula cells toward an endomesodermal pro- 
genitor state (Buitrago-Delgado et al. 2015). Shared features 
between neural crest and blastula stem cells are also found 
at the epigenetic level. For example, Hdacl activity is crucial 
for expression of the sox-oct-myc-vent pluripotency axis and 
proper lineage restriction of all three germ layers, as well as 
for establishment of the neural crest (Rao and LaBonne 2018). 
In addition, low levels of H3K9 and H3K27 acetylation are 
characteristic of both pluripotent blastula stem cells and neu- 
ral crest cells (Rao and LaBonne 2018). Importantly, increased 
hdacl activity was found to enhance reprogramming to a 
neural crest state, which has implications for regenerative 
medicine (Rao and LaBonne 2018). 

While there are many similarities between neural crest 
and blastula stem cells, there are also key differences. One 
of these involves a change in the deployment of Sox tran- 
scription factors. SoxB1 (Sox2, Sox3), but not SoxE factors 
(Sox8, Sox9, Sox10), are active in pluripotent blastula cells 
(Buitrago-Delgado et al. 2018). Later, as expression of soxB1 
genes becomes restricted to the neural plate, soxE genes are 
turned on in neural crest cells (Buitrago-Delgado et al. 2018). 
This suggests a functional “hand-off” from SoxB1 to SoxE 
transcription factor activity during the emergence of neural 
crest progenitors from pluripotent blastula cells. Consistent 
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with this idea, there are distinct functional requirements 
for these gene families in each population. Ectopic expres- 
sion of sox9 or sox10 in the blastula disrupts pluripotency, 
whereas forced expression of soxB1 genes results in loss of 
neural crest. By contrast, increased expression of soxE genes 
promote excess neural crest. Finally, there is evidence that 
this Sox factor “hand-off” is essential for the emergence of 
neural crest cells because SoxB1 factors cannot replace the 
activity of SoxE factors to rescue neural crest development 
(Buitrago-Delgado, Schock et al. 2018). 

The extensive shared features between neural crest 
and blastula stem cells suggest a new model for neural 
crest origins in which neural crest cells do not “re-gain” 
developmental potential in response to inductive cues but 
rather retain aspects of the pluripotent regulatory state of the 
blastula stem cells from which they are derived. This new 
model helps explain why neural crest cells exhibit greater 
developmental potential than the ectoderm in which they 
originate. In this model, the neural crest should be thought 
of not as a population of ectoderm-derived cells but rather 
as a population derived from pluripotent blastula cells that 
retain their position at or near the top of Waddington’s land- 
scape (Figure 8.2B). Retention of this blastula-stage poten- 
tial into later stages of development allows neural crest cells 
to add novelty to the basic chordate body plan by contribut- 
ing cell types and features associated with all three germ 
layers. Interestingly, Raven recognized this capacity from 
his amphibian transplantation experiments over 80 years 
ago (Figure 8.2C), when he presciently observed that: 


The Neural Crest Material in the early stages was omnipo- 
tent [e.g. pluripotent] as to the “faculty of differentiation” 
but had no “tendencies of differentiation” of its own. At 
the transition from the stage of a yolk plug of intermediate 
size to one with a small yolk plug there is a change in the 
potency ... the faculty of differentiation is restricted . . . 
as regards to tissues that characterize other germ layers 
(endomesoderm, notochord, intestine) 

(Raven 1935; Horstadius 1950). 


8.5. FUTURE DIRECTIONS AND OUTLOOK 


This chapter provides an overview of the many advances in 
our understanding of vertebrate neural crest cells derived 
from studies in amphibians, in particular Xenopus. This 
historical overview reveals just how much our knowl- 
edge of neural crest development owes to the over 150 
years of research using this key model organism. That 
said, much remains to be learned about how the neural 
crest develops and evolves, and many outstanding ques- 
tions remain. Many of these questions center on control 
of neural crest fate and potential, some of the very same 
issues faced by early experimentalists such as Raven and 
Horstadius. How, for example, do neural crest cells ulti- 
mately decide what fate to adopt and when to do so? Are 
these choices binary and sequential, or are multiple paths 
open to all or some cells? What are the gene regulatory 
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and epigenetic mechanisms that control these processes? 
How are decisions made at the single cell, rather than 
population, level? With an ever-expanding toolkit of pow- 
erful genomic technologies, answers to such questions 
are now within reach. A similar set of questions concerns 
the developmental potential of neural crest cells. To what 
extent is the global regulatory architecture of the neu- 
ral crest shared with pluripotent blastula cells, and what 
are the shared versus unique regulatory features of each 
population? To what extent is the link between neural 
crest and blastula stem cells evolutionarily conserved 
across the vertebrate tree of life? Comparative embryol- 
ogy (“evo-devo”) will be instrumental in addressing these 
and similar questions. 

Overall, this is a very exciting time for studies focused 
on understanding the development and evolution of neural 
crest cells. The experimental strengths of Xenopus as a 
model system, combined with cutting-edge molecular and 
genomic tools, make it likely that this model will continue 
to be at the forefront of such studies and continue to pro- 
duce exciting advances in our understanding of this fasci- 
nating cell type. 
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9.1. HISTORICAL BACKGROUND 


Oocytes of the frog Xenopus laevis have been widely used as an 
experimental system for expressing ion channels and receptors 
cloned from diverse sources. Relatively simple electrophysi- 
ological techniques, such as the two-electrode voltage-clamp 
configuration, allow the study of biophysical and pharmaco- 
logical characteristics of voltage- and neurotransmitter-gated 
ion channels. Development of the oocyte expression system 
began by serendipity in the mid-70s as Ricardo Miledi and 
co-workers explored the early development of acetylcholine 
responses at the frog neuromuscular junction. At some point, 
the biological preparation was so difficult to perform due to the 
small size of the animals that impaling electrodes in tadpoles 
became impractical to determine at what age the responses 
to the neurotransmitter emerged; that is when the researchers 
decided to explore if frog oocytes responded to acetylcholine. 
To their surprise, many oocytes elicited an electric response 
when exposed to acetylcholine (Kusano et al. 1977), and many 
other endogenous ion currents were subsequently discovered 
(Arellano et al. 1995, 1996; Miledi et al. 1989; Parker and 
Miledi, 1987, 1988). Other studies disclosed the presence of 
receptors in follicle-enclosed oocytes, such as noradrenaline, 
angiotensin, vasointestinal peptide, and follicle stimulating 
hormone (Woodward and Miledi 1987; Miledi and Woodward 
1989b; Hershey et al. 1991; Woodward and Miledi 1991). 
These studies paved the way to “transplant” ion channels by 
injecting mRNA isolated from the brain and later from cloned 
cDNAs isolated from diverse tissues and species (Miledi et al. 
1982, 1983; Barnard et al. 1982). Another application, also 
developed by Miledi, showed that plasma membranes isolated 
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from brain tissue can be “transplanted” into oocytes, retaining 
fully functional receptor and channel activity that can be stud- 
ied more than ten years after the samples are obtained (Eusebi 
et al. 2009; Miledi et al. 2002). This has allowed research- 
ers to determine the pharmacological and functional changes 
of receptors in neurological disorders such as epilepsy, 
Alzheimer’s disease, and autism and opens the possibility for 
applying a combination of proteomics and electrophysiology 
to establish a relationship between the pathological state and 
molecular imbalances. 

There are nearly 10,000 citations in PubMed using the 
keywords Xenopus oocyte and ion channel. This gives an idea 
of the impact that this methodology has on the field and the 
difficulty to offer a thorough review on the subject. Nonetheless, 
here we provide an account of past observations and the present 
status of the field, offering new perspectives to be explored. 


9.2. PAST OBSERVATIONS 


The earliest use of the Xenopus oocyte as an expression sys- 
tem was demonstrated by Sir John Gurdon (Gurdon et al. 
1971), who published a series of papers that firmly estab- 
lished that oocytes can synthesize a protein from a foreign 
mRNA. (Lane et al. 1971) conclude that 


when injected into a living cell, the 9 s RNA is fairly stable 
and has the properties of a hemoglobin messenger. The mes- 
senger requires no reticulocyte-specific factors for trans- 
lation, and the translational machinery of the oocyte will 
accept the messenger RNA from a totally different cell type, 
from another species. 
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Using this information while working at University College 
London, Miledi and co-workers tried to express ion chan- 
nels and receptors involved in synaptic transmission; after 
using diverse strategies, they realized that the critical step 
was the preparation of high-quality mRNA. In the early 
days of molecular cloning, that methodology was a tedious 
procedure involving ultracentrifugation of Cesium chloride 
gradients and other biochemical tricks that made the effort 
a heroic act. Selection of mRNA by Oligo dT chromatog- 
raphy to enrich the poly-A* mRNA fraction was crucial to 
prove that acetylcholine receptors from denervated muscle 
injected in oocytes indeed have the same electrophysiologi- 
cal and pharmacological characteristics as the receptors 
embedded in the muscle membrane (Miledi et al. 1982). 
After those initial steps, many brain ion channels and recep- 
tors were expressed after mRNA injection (Gundersen et al. 
1983, 1984; Sumikawa et al. 1984). Ultracentrifugation of 
sucrose density gradients of mRNA allowed the identifica- 
tion of specific fractions containing mRNAs with different 
coding potential for functional receptors; this strategy was 
used to separate different functional fractions and became an 
expression cloning approach to synthesize cDNA clones for 
proteins essential for synaptic transmission (e.g. GABA-A 
and nicotinic receptors, as well as K*, Na+, and Cl-channels). 
Today, these studies are rarely found in the recent literature 
because of the current availability of gene clones, synthetic 
genes, and other resources that permit a straightforward 
experimental approach to assess protein function. But they 
led to major advances in the field. 

For many years, studies aiming to understand the func- 
tion and pharmacology of ion channels and receptors were 
potentiated by using Xenopus oocytes. One of the most 
effective approaches to studying the inner workings of 
these proteins consisted of a combination of site-directed 
mutagenesis and functional analysis in the oocyte. This 
approach revealed important structural characteristics, 
including voltage sensors, neurotransmitters, and pharma- 
cologically relevant binding sites, and allowed researchers 
to evaluate functional effects such as gating, desensitiza- 
tion, and inactivation. 


9.3. PRESENT STATUS 


From the mid-80s, researchers in the field primarily focused on 
the Xenopus oocyte to understand how ion channels and neu- 
rotransmitter receptors work. Key biophysical and structural 
traits of these molecular entities that have been approached 
experimentally are voltage sensing, gating, neurotransmit- 
ter binding sites, and permeability (see subsequently). When 
oocytes began to be used as an experimental tool for express- 
ing ion channels, they were ready to be exploited during the 
molecular cloning era. 

Voltage-gated ion channels constitute a diverse class 
of proteins that are crucial for neuronal excitability and 
plasticity. They gate an ion channel upon sensing changes 
in the plasma membrane voltage. “Gating” is an intrinsic 
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electrophysiological characteristic of ion channels that refers 
to the opening (by activation) or closing (by deactivation or 
inactivation) of the protein complex that forms the conduct- 
ing pore of the ions. Gating involves changes in conforma- 
tion in response to changes in membrane voltage or to an 
agonist. This biophysical characteristic of ion channels has 
been widely studied using Xenopus oocytes, from the first 
reports of their molecular cloning (Mackinnon et al. 1988; 
Takumi et al. 1988; Murai et al. 1989) to recent approaches 
that combine site-directed mutagenesis and structural models 
of crystallized proteins (Carvalho-de-Souza and Bezanilla 
2019; Hou et al. 2019; Rinné et al. 2019). 

Another fundamental structural component of both 
sodium- and potassium-selective channels is the so-called 
“voltage sensor.” Studies in frog oocytes were critical for 
deciphering the molecular structure and function of volt- 
age sensors that were found to be highly conserved among 
channel families and from different species (Noda et al. 
1986; Stiihmer et al. 1988; Tempel et al. 1988; Timpe et al. 
1988; Stiihmer et al. 1989, 1989), which currently remains an 
intensive field of study (Catterall et al. 2017; Ori et al. 2020). 

Mapping the binding sites of the agonist to ligand-gated 
ion channels was essential to understand their molecular 
structure. Xenopus oocytes played a central role in deter- 
mining fine pharmacology and specific interaction sites for 
nicotinic, GABA, serotonin, and glycine receptors (Blair 
et al. 1988; Bertrand et al. 1990; Grenningloh et al. 1990; 
Kuhse et al. 1990; Maricq et al. 1991; Amin et al. 1994), as 
well as for the family of glutamate receptors AMPA/kainite 
and NMDA (Bettler et al. 1990; Boulter et al. 1990; Egebjerg 
et al. 1991). High-resolution structures of these receptor 
complexes have confirmed many of the observations first 
determined by electrophysiology in oocytes (Kesters et al. 
2013; Hassaine et al. 2014; Miller and Aricescu 2014). 

Detailed electrophysiological characterization of Xenopus 
follicle-enclosed oocytes was prompted when it was real- 
ized that they could be very useful to study ion channels and 
receptors. Many studies have shown that electrical responses 
to neurotransmitters and hormones generated by ovarian 
follicular cells require maintenance of the electrical com- 
munication between the oocyte and its surrounding cells. 
Therefore, the responses originate in the membrane of the 
follicular cells and these cells express membrane receptors 
and ion channels. Several “native” ion currents and receptors 
that are fundamental for neural transmission and other phys- 
iological processes are endogenously expressed by Xenopus 
oocytes. Here we provide some examples of ion channels in 
the oocyte membrane whose currents were identified years 
ago. The presence of these currents is supported by new pro- 
teomic (Table 9.1) or other analyses and is associated with 
human diseases (Session et al. 2016; Peshkin et al. 2019). 

One case is the calcium-dependent chloride channel 
TMEMI6A (Anoctamin 1), originally discovered in the 
oocyte (Miledi 1982; Miledi and Parker 1984) but known to 
play acrucial role in regulating anxiety-related behaviors, for 
it is expressed in cholinergic neurons of the medial habenula 
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TABLE 9.1 


Endogenous lon Channels in the Xenopus Oocyte 


Ion Current or 
Receptor 


Voltage-activated 
sodium-current 

Voltage-activated 
potassium-current 


Voltage-activated 
calcium-current 


Mechano- 
sensitive 
current 


Nonselective 
ion-current 


Chloride ion 
channels 


(Cr) 


Pharmacology 


Amiloride 
sensitive 

Ba?* sensitive, 
hyperpolarization 
activated inward 
current 

Ba% and 
chlofilium 
sensitive 


Blocked by 
dihydropyridines, 
benzothiazepines 


Blocked by Cd”, 
inactivation by 
injection of AMPc 
Blocked by 
bioallethrin 


Blocked by SET2 


Blocked by 
amiloride, 
gentamicin, Gd**, 
ruthenium red 


Activated by 
intracellular Ca?* 


Current reduced 
by Ca% and Mg? 
and negative 
voltage membrane 


Activated by 
intracellular Ca?*, 
blocked by 
niflumic acid, 
DIDS 


Associated 
Gene Found in 
Oocytes 


sennlb, sennlg Epithelial sodium 


Kenj5 


Kenn2 
Kenql 


Kenk7 
Cacnals 
Cacnb1 


Cacnalh 
Cacnali (Crata) 
Cachd1 
Cacna2d1, 
Cacna2d2 
Trpc4ap 


Trpv2 


Trpv4 


Trpm4 


Gjla, Gja4, 
Gjlb 


Tmem16A 
(Anol) 


Clic1 
Clic3 


Characteristics 
of the Channel 


channel (ENaC) 
Activation of 
protein kinase C, 
ATP sensitive 


Small K* channel 
IsK, minK 


twik channel 
L-type calcium 
channel 


T type calcium 
channel 


P type calcium 
channel 

Short transient 
receptor 
Activated by 
temperature and 
chemical, 
mechanic stimuli 
Activated by 
temperature and 
chemical 
mechanic stimuli 


Melastatin 4, 
ATP-binding 


gjla(Cxc43), 
gja4(Cxc37), 
gjlb(Cxc32) 


Ca** activated 


(CaCC) 


Intracellular 
receptor 


Associated Diseases 


Liddle syndrome 


Familial hyperaldosteronism 
type III and type of long QT 
syndrome | and 13 


Long QT syndrome 1 
Jervell and Lange-Nielsen 
syndrome 


Periodic paralysis 
hypokalemic 1 

Malignant hyperthermia 5 
Thyrotoxic periodic paralysis 1 
Malignant hyperthermia 
Childhood absence epilepsy 
Idiopathic generalized epilepsy 


Familial short QT syndrome 
Short QT syndrome 


BrachyolmialCharcot-Marie 
tooth disease axonal type 2C 
Metatropic dysplasia 
Parastremmatic dwarfism 
Spondyloepiphyseal dysplasia 
Maroteaux type 
spondylometaphysea 
Idysplasia Kozlowski type 


Oculodentodigital dysplasia 
Heart malformations 

Cancers 
Erythorokeratodermia 
variabilis et progressive 1 
Myocardial infarction 

Charcot Marie tooth neuropathy 
Frontal sinus squamous cell 
carcinoma 


Frontal sinus cancer 


Gallbladder cancer 
Pnicilliosis 
Gallbladder cancer 
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References 


(Peshkin et al. 2019; Yang et al. 2014; 
Parker and Miledi 1987) Xenbase 
(Parker and Miledi 1988; Peshkin et al. 
2019) Xenbase 


(Parker and Miledi 1988; Peshkin et al. 2019; 
Dixit, et al. 2020; Sun et al. 2015) Xenbase 


(Peshkin et al. 2019) Xenbase 
(Peshkin et al. 2019) Xenbase 


(Peshkin et al. 2019) Xenbase 


(Peshkin et al. 2019; Antzelevitch et al. 
2007; Pippucci et al. 2013) Xenbase 
(Peshkin et al. 2019) Xenbase 


(Peshkin et al. 2019) Xenbase 


(Peshkin et al. 2019; Rosenbaum et al. 
2020; McCray et al. 2014) Xenbase 


(Wang, et al. 2018; Gao and Liao 2019; 
Peshkin et al. 2019) 

Xenbase 

(Oshima 2014; Kim et al. 2019; Kelly 
et al. 2016; Macari et al. 2000; Peshkin 
et al. 2019) Xenbase 


(Miledi 1982; Miledi and Parker 1984; 
Peshkin et al. 2019) Xenbase 


(Peshkin et al. 2019) Xenbase 


(Continued) 


146 


TABLE 9.1 (Continued) 


Ion Current or Pharmacology Associated Characteristics 
Receptor Gene Found in of the Channel 
Oocytes 
Organic Activated by pH  Clen3 H*/CF exchange 
transporters changes Clen7 transporter, 
outwardly 
rectifying 
Sensitive to La*+ Tmem184b, Organic solute 
Tmem184c transporter 
Water Sensitive to Aqpl Water-permeable 
(aquaporins) pCMBS and Aqp9 channels 
phloretin 
Glycine receptor Activated by Glra3 Ionotropic 
glycine, blocked receptor 


by picrotoxin 


(Cho et al. 2020). There is also an outwardly rectifying chlo- 
ride current in X. laevis and X. tropicalis oocytes identified 
by increasing the concentration of anions in the extracellular 
medium (Reyes et al. 2004; Ochoa-de la Paz et al. 2013). 
This current corresponds to the chloride/H* exchanger, CIC- 
5, located in the plasma membrane and endosomes, and is 
mutated in Dent’s disease, where endocytosis is defective 
in renal proximal tubes (Giinther et al. 1998; Piwon et al. 
2000). Other studies have overexpressed CIC-5 and mutant 
versions of the channel overriding the native current, thus 
allowing the study of the mutant channel’s characteristics 
(Scheel et al. 2005; Chang et al. 2019). 

The cacnalc gene encodes for several versions of the volt- 
age-activated calcium channel CaV1.2 subindex. Calcium ions 
are important for many cellular functions, including regulat- 
ing the electrical activity of cells, cell-to-cell communication, 
muscle contraction, and gene regulation. In the frog oocyte, 
CACNAIC is present and may well provide the entry path- 
way for calcium necessary for the activation of TMEMI6A, 
which elicits the transient outward chloride current (Tout = 
subindex), but this has not been proven (Miledi 1982; Miledi 
and Parker 1984). This gene is expressed in heart, muscle, and 
brain and is mutated in several conditions such as QT syn- 
drome and Timothy’s syndrome. Other members of the cacna 
gene family are expressed in the oocyte, including the P-type 
calcium channel (Cacna2d1 and Cacna2d2) related to short 
QT syndrome and epilepsy (Antzelevitch et al. 2007; Pippucci 
et al. 2013). 

Connexins are the main components of gap junctions. 
They provide direct links between cells and play a central 
role in many cell functions in all tissues; they even partici- 
pate in transcriptional regulation (Oshima 2014; Ribeiro- 
Rodrigues et al. 2017; Kim et al. 2019). In the frog oocyte, 
Cx43, Cx37, and Cx32 are expressed and modulated by 
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Associated Diseases References 


Dent diseasel (Peshkin et al. 2019; Reyes et al. 2004; 


Cystic fibrosis Ochoa-de la Paz et al. 2013) Xenbase 
Autosomal dominant 
Osteopetrosis 2 
Amyloidosis Finnish type (Peshkin et al. 2019) Xenbase 
Mandibulofacial dysostosis 
with alopecia 

Acrocallosal syndrome 
Blood group Colton system (Castañeyra-Ruiz et al. 2019; Peshkin 

et al. 2019; Kalani, et al. 2012; Nagahara 


et al. 2010; Preston et al. 1992) Xenbase 


Obstructive hydrocephalous 
Hydrarthrosis 
polyhydramnios 
Susceptibility to epilepsy (Zeilhofer et al. 2018; Peshkin et al. 2019) 


idiopathic generalized 13 Xenbase 


calcium, magnesium, and negative membrane voltage. Cx43 
is involved in oculodentodigital dysplasia and heart mal- 
formations, and its activity is exacerbated in many types 
of cancer, whereas Cx37 is altered in erythrokeratodermia 
(Macari et al. 2000; Kelly et al. 2016). 

Aquaporins 1 and 9 have been identified in Xenopus 
oocytes. These water-transporting channels are sensitive to 
pCMBSS and phloretin and are associated with obstructive 
hydrocephaly (Aquaporin 1) and hydrarthrosis polyhydram- 
nios (Aquaporin 9) (Nagahara et al. 2010; Kalani et al. 2012; 
Castañeyra-Ruiz et al. 2019). Aquaporins form a family of 
water-permeable channels that were originally cloned from 
red blood cells by Peter Agre, who showed that upon over- 
expression in oocytes, these cells increase the osmotic water 
permeability (Preston et al. 1992). Despite the endogenous 
expression of aquaporins in frog oocytes, Agre performed 
a series of classic experiments to show unequivocally the 
functional characteristics of aquaporins. 

At least two sodium channels were identified in the X. trop- 
icalis oocyte proteome: the scnn1b gene, which encodes for 
the B subunit of the epithelial sodium channel ENaC, and the 
scnnlg gene, which encodes for the y subunit. ENaC is assem- 
bled as a heterotrimer composed of homologous subunits a, P, 
and y or 6, B, and y. ENaC is constitutively active and is not 
voltage dependent like the classic neuronal sodium channels. 
Mutations associated with the ENaC genes give rise to Liddle 
syndrome, a rare genetic disorder that is characterized by high 
blood pressure (hypertension) which is resistant to pharmaco- 
logical treatment (Yang et al. 2014). The ENaC currents may 
well correspond to those previously described (Parker and 
Miledi 1987) that are sporadically present in the oocyte and 
are resistant to tetrodotoxin. On the other hand, the transient 
receptor potential melastatin (TRPM) family belongs to the 
superfamily of TRP cation channels. The TRPM subfamily 
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is composed of eight members that are involved in diverse 
biological functions such as temperature sensing, inflamma- 
tion, insulin secretion, and redox sensing (Gao and Liao 2019; 
Huang et al. 2020). The TRPM4 channel is expressed in the 
oocyte. This channel is widely expressed and regulates cal- 
cium oscillations after T cell activation and prevents cardiac 
conduction and smooth muscle contraction (Wang et al. 2018). 
TRPM4 is activated by intracellular calcium and voltage; thus, 
the activation mechanisms converge with those of TMEM16A 
(or Tout in the oocyte; Miledi, 1982). Finally, TRPV4 has also 
been found in the proteomic analysis of Xenopus oocytes. 
This calcium-permeable non-selective channel performs 
multiple physiological roles in diverse organs; the chan- 
nel is also gated by osmotic pressure, mechanical pressure, 
and biochemical signaling. Mutations in the gene encoding 
TRPV4 induce skeletal dysplasia, osteoarthritis, and neuro- 
logical motor disorders (McCray et al. 2014; Rosenbaum et al. 
2020); however, the study of the endogenous TRPV4 has 
escaped analysis in oocytes. 

Follicle-enclosed oocytes present several ion currents, 
including a barium-sensitive potassium current that is acti- 
vated upon depolarization of the membrane. This current is 
removed by collagenase treatment, indicating the need for 
the intercommunication between the oocyte and surround- 
ing cells (Parker and Miledi 1988). In the oocyte proteome, 
two potassium channels have been identified: Kcnq1, which 
has multiple functions such as the regulation of gastric 
acid secretion, thyroid hormone synthesis, salt and glucose 
homeostasis, and cell volume (Dixit et al. 2020), and Kcnn2, 
a member of the calcium-activated potassium channel fam- 
ily. The latter channel is targeted by the ubiquitin-protein 
ligase E3A, whose function is reduced in Angelman’s syn- 
drome; thus, in the disease, Kcnn2 function increases, lead- 
ing to changes in synaptic function (Sun et al. 2015, 2020). 

Oocytes rarely express ligand-gated ion channels of the 
Cys-loop family. One case is the a3 subunit of the glycine 
receptor that is capable of forming homomeric receptors 
with high affinity to glycine but generates small chlo- 
ride currents upon exposure to glycine (Kuhse et al. 1990; 
Nikolic et al. 1998). Thus, considering the limited number 
of selective agonists and antagonists of the glycine receptors 
(Zeilhofer et al. 2018), the oocyte may be valuable to screen 
for new active molecules. 


9.4. INSIGHT OF NATIVE ION 


CURRENTS OF THE FOLLICLE 


As mentioned, a poorly explored advantage of the oocyte as 
an experimental model for understanding the role of recep- 
tors and ion channels is the follicle-enclosed oocyte. In 
the ovary, cells that surround the oocyte include epithelial 
and follicular cells that maintain a close physical interac- 
tion and exchange biochemical signals mediated by calcium 
and cAMP, for example (Miledi and Woodward 1989a). 
Follicle cells produce important modulators such as sero- 
tonin, dopamine and noradrenaline, gonadotropins (follicle- 
stimulating hormone, luteinizing hormone and growth 
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hormone), prostaglandins, and neuropeptides (oxytocin, atrial 
natriuretic peptide, corticotropin releasing factor, gonado- 
tropin-releasing hormone, calcitonin gene-related peptide) 
and express zinc-gated ion channels (Miledi et al. 1989). 
Follicles also express acetylcholine and angiotensin recep- 
tors that couple to inositol-3-phosphate, which in turn 
releases calcium and gates TMEMI6A (Miledi and Parker 
1984; Woodward and Miledi 1987; Parker and Miledi 1988; 
Miledi and Woodward 1989a; Arellano et al. 1995; Arellano 
et al. 1996). Studies on these endogenous receptors and the 
ion-currents elicited upon activation are very important for 
understanding follicular physiology, inter- and intracellular 
communication, and biochemical signaling and place the 
follicular oocyte as an important model for studying diverse 
processes which will help us understand the physiology of 
diverse cellular systems. 


9.5. FUTURE DIRECTIONS 


Miledi and co-workers developed a novel, powerful assay 
that relies upon the ability of cell membranes to spontane- 
ously form vesicles and the ease with which these vesicles 
fuse with the plasma membrane when they are injected in 
the oocyte (Eusebi et al. 2009). This assay offers the pos- 
sibility of studying the characteristics of ion channels and 
neurotransmitter receptors embedded in their original lipid 
environment from samples that were frozen years before or 
from freshly resected brain tissue (Palma et al. 2005, 2006, 
2007). This assay has shed some light on the characteristics 
of important components of the synaptic function and how 
they are altered in human disorders such as autism, epilepsy, 
and Alzheimer’s disease (Miledi et al. 2004; Limon et al. 
2008; Roseti et al. 2008). 

A combination of proteomic, transcriptomic, and func- 
tional assays of glutamate receptors “transplanted” from 
postmortem samples of schizophrenic brain showed the 
electrophysiological and pharmacological characteristics of 
AMPA receptors from the dorsolateral prefrontal cortex and 
its impairment in the disease (Zeppillo et al. 2020). Another 
example of the power of this assay is the microtransplan- 
tation of brain samples from Rett syndrome patients. This 
disease is caused by mutations within the methylcytosine- 
binding protein 2 (MECP2) gene, although evidence has 
shown linkage to the DKL5S and FOXGI genes. Rett syn- 
drome is associated with the X chromosome, and patients 
develop language and communication problems and learn- 
ing and coordination deficits (Brunetti and Lumsden 2020; 
Sandweiss et al. 2020). In a study by Ruffolo et al. (2020), 
membranes from the prefrontal cortex of Rett syndrome 
patients showed an imbalance in the excitatory/inhibitory 
ratio given by AMPA and GABA responses, a modifica- 
tion of GABA currents towards a more depolarizing value, 
and differences in the AMPA/GABA ratio. Interestingly, a 
transgenic mouse model of Rett syndrome exhibited similar 
functional impairments (Ruffolo et al. 2020). 

Because the human neurotransmitter receptors are 
“microtransplanted” in their native cell lipid environment, 
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this method extends the applications of Xenopus oocytes as 
an expression system for approaching many channelopathies. 
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Clawed frogs of the genus Xenopus inhabit a large area of 
Africa, where 29 extant species are currently recognized (as 
of May 2021, https://amphibiaweb.org). Of them, the African 
clawed frog Xenopus laevis was originally imported into 
Europe from its native South Africa and has been used for 
research in laboratories since the 1930s, initially mainly for 
endocrinology studies and subsequently for developmental 
biology research (reviewed in Gurdon and Hopwood, 2000), 
and used as a model system to study cell cycle, oogenesis, 
early development, and so on, by biochemical and molecular 
biological approaches. X. laevis has various advantages as 
a model animal, such as easy rearing and breeding, a wide 
range of survival temperatures, resistance to infectious dis- 
ease, and many others, which might be due to its allotetra- 
ploidy. However, from the late 1990s, when developmental 
genetics started to dominate the field of developmental 
biology using knockout mice and mutagenesis screening 
of zebrafish, the allotetraploidy of X. laevis became a dis- 
advantage. Therefore, scientists tried to replace X. laevis 
with a diploid Xenopus species, X. tropicalis, which has a 
simpler genome and shorter generation time. X. tropicalis 
was previously called Silurana tropicalis, but later Silurana 
was treated as a subgenus; thus, this species was renamed 
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Xenopus Silurana tropicalis, commonly called Xenopus 
tropicalis. The genus Xenopus now consists of two sub- 
genera, Xenopus and Silurana. Although X. tropicalis is a 
suitable diploid model system in amphibians, X. laevis still 
remains useful, and hence both X. tropicalis and X. laevis 
have continued being used for research. 


10.1. GENOME HISTORY OF THE 


GENUS XENOPUS 


The evolutionary history of Xenopus frogs leading to the 
current phylogenetic relationships consist of bifurcating spe- 
ciation and allopolyploidization by interspecies hybridiza- 
tion followed by polyploidization (Figure 10.1A) (reviewed 
in Kobel and Du Pasquier, 1986; Evans et al., 2004; Evans, 
2008). Polyploidization is caused by duplication of the entire 
genome, otherwise called whole genome duplication (WGD). 
Polyploidy originating from duplication of a genome from 
a single ancestral species is called autopolyploidy, whereas 
allopolyploidy refers to genome duplication of hybrid 
genomes via interspecific crossing, which is the case for 
Xenopus species. Allotetraploid genomes, therefore, contain 
two different genomes derived from diploid ancestor species, 
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each called a subgenome. According to whole genome 
analysis of X. laevis (Session et al., 2016), in the subgenus 
Xenopus lineage, bifurcating speciation of a diploid species 
occurred 34 million years ago (Mya) to generate two spe- 
cies, the so-called “L” and “S” species (see subsequently for 
the explanation of “L” and “S”). Then, allotetraploidization 
occurred 17-18 Mya between the two species to generate 
a new allotetraploid species. This is the common ancestor 
of the subgenus Xenopus and had subgenomes “L” and “S.” 
The “same” genes in the original L and S species are called 
orthologs, but after allotetraploidization, those genes came 
to reside in a single species, and now the former orthologs 
became “homeologs” in subgenomes L and S. After allote- 
traploidization, repeated specification occurred to generate 
several Xenopus species, as shown in Figure 10.1A. Some of 
them underwent additional rounds of allopolyploidization to 
generate octoploid and dodecaploid species. 

WGD is one of the driving forces behind evolution. This 
is postulated to have occurred twice in the common ances- 
tor of vertebrates 500-600 Mya (Meyer and Van de Peer, 
2005) and a third time in the ancestor species of bony fishes 
about 306 Mya (Inoue et al., 2015) and is considered to have 
contributed greatly to diversity. However, over the years 
since WGD, chromosomes have reorganized and become 
diploid, referred to as “diploidization,” and it is now impos- 
sible to distinguish whether the ancestral vertebrate species 
was autopolyploid or allopolyploid. Compared to those spe- 
cies, allotetraploidization in the Xenopus lineage occurred 
relatively very recently, and thereby subgenomes L and S 
were clearly identified in X. laevis by whole genome analy- 
sis. Thus, though allotetraploidy of X. laevis has long been 
considered a disadvantage for genetics, the identification of 
subgenomes made X. laevis a very useful model for studying 
subgenome evolution after allopolyploidization. 


10.1.1. HETEROsIS 


Heterosis, or hybrid vigor, is observed in hybrids that have supe- 
rior phenotypes such as more vigorous growth or higher prog- 
eny yields compared to their parents. This phenomenon is also 
observed in allopolyploid plants, for example, wheat (Chen, 
2013). In animals, heterosis is commonly known in mules 
whose sire is a donkey and dam is a horse, and they are par- 
ticularly useful as working animals for their physical strength. 
However, interspecies hybrids are generally infertile, mostly 
due to the impairment of meiosis. If WGD occurs in F1 hybrids 
(i.e. allopolyploidization), they could be fertile and possibly 
lead to the generation of a new species (Chen, 2013). Therefore, 
allopolyploid animals are expected to exhibit heterosis, but 
this has not been actually demonstrated. But still, this can be 
inferred from two lines of circumstantial evidence for Xenopus. 
First, the parent species L and S of the subgenus Xenopus are 
extinct, possibly due to domination of their descendant allote- 
traploids over the parental species; second, the habitat of diploid 
(not polyploid) X. tropicalis is limited to the region including 
Nigeria and Ivory Coast, whereas species of subgenus Xenopus 
inhabit a much wider region (Tinsley et al., 1996; Evans et al., 


Xenopus 


2004). Therefore, it may have been an advantage for Xenopus 
species to have become allotetraploid (or higher). 


10.1.2. RECOGNITION OF ALLOTETRAPLOIDY 


What led to the current understanding that X. tropicalis is 
diploid and X. laevis is allotetraploid? Analyses of various 
species from the Xenopus genus and other genera in Pipidae 
showed that their number of chromosomes and the DNA 
content per cell were in proportions of approximately 1:2:4:6 
and that the basal level is those of X. tropicalis, which has 
20 chromosomes (n = 10) and 3.55 pg DNA/cell, indicating 
the existence of polyploid species (Kobel, 1981). The finding 
that the numbers of X. laevis was about twice of X. tropica- 
lis suggested tetraploidy. Since around 1990, X. laevis has 
become widely recognized as being allotetraploid, after gene 
cloning became popular in the late 1980s and the presence of 
two different sequences for many genes were revealed. For 
example, for the hoxb7 gene (formerly known as X/Hbox2), 
the clone called p52 identified by Wright et al. (1987) was a 
different version of the gene identified by Miiller et al. (1984), 
called MM3. These two sequences showed high identity to 
each other, raising the possibility that this reflected poly- 
morphism, but analyses in X. laevis/X. borealis interspecific 
hybrids showed that these two genes do not segregate from 
each other, which led to the conclusion that these are not 
alleles of the same gene (Fritz et al., 1989). At that time, the 
first identified gene was given a postfix “a,” and the second 
gene was given “b”; thus, they were usually called the a- and 
b-genes. However, analysis of one of the two genes was (or 
appeared to be) practical for developmental investigations; 
because of the high nucleotide identities of coding sequences 
as well as translated amino acid identities between the two 
versions, cross-hybridization was inevitable for standard 
Northern blots and whole-mount in situ hybridization, thus 
making distinguishing the two difficult. The difference in the 
functions of the two versions was probably not always stud- 
ied, but in the case of GATA-1, precise analyses showed that 
GATA-la and GATA-1b share the same function in stimulat- 
ing erythropoiesis, but only the latter inhibits neurogenesis 
when overexpressed (Xu et al., 1997). As another example, 
two gbx2 genes, gbx2.2.L (Xgbx2a) and gbx2.1.S (Xgbx2b), 
when overexpressed, caused malformation of the head and 
notochord but showed differences in their temporal and spa- 
tial expression patterns (Tour et al., 2001). 

Now, after the completion of the whole genome sequenc- 
ing of X. laevis, the two versions a and b are acknowledged 
as homeologs that arise from the different subgenomes 
and are called the L and S genes. Back to the two versions 
of XIHbox2/hoxb7, p52 and MM3 are now identified as 
hoxb7.L and hoxb7.S, respectively (see Kondo et al., 2017). 
GATA-1a and GATA-1b are gatal.L and gatal.S, respectively 
(Watanabe et al., 2017). Note that a- and b-genes do not nec- 
essarily correspond to L and S genes, respectively, because 
of the difference between their definitions: the chronological 
order of identification for a and b versus the position on the L 
or S chromosomes. 
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10.2. GENOME SEQUENCING OF 


XENOPUS—THE HIGHLIGHTS 


Whole genome sequencing (WGS) is a powerful tool for 
analyzing the evolution of the genome. It can also reveal the 
full genetic make-up of an organism, allowing for compre- 
hensive analysis of the relationships among many genes and 
their regulatory sequences. WGS of vertebrate organisms 
has been done in humans and other major model organ- 
isms such as mice, zebrafish, and medaka that are useful for 


genetic analysis (Table 10.1). 
As mentioned earlier, X. laevis has been a very useful 
experimental model animal in embryology and cell biology 


TABLE 10.1 


Publications of Whole Genome Sequences of Human, 
Model, and Polyploid Organisms 


Year Organism Reference Comments 
1994 yeast Dujon et al., 1994; Saccharomyces cerevisiae; 
to Dietrich et al., each chromosome 
1997 1997 and others sequence was published 
one by one 
1998 C. elegans C. elegans Caenorhabditis elegans, 
Sequencing nematode 
Consortium, 1998 
2000 Drosophila Myers et al., 2000 Fruit fly 
melanogaster 
2001 human International Human 
Genome 
Sequencing 
Consortium, 2001 
2002 mouse Mouse Genome Mus musculus 
Sequencing 
Consortium, 2002 
2004 chick International gallus 
Chicken Genome 
Sequencing 
Consortium, 2004 
2005 zebrafish Woods et al., 2005 Danio rerio 309 
2007 medaka Kasahara et al., 2007 Oryzias latipes 309 
2010 Xenopus Hellsten et al., 2010 Western clawed frog, 
tropicalis diploid 
2014 Arabidopsis Poczai et al., 2014 Flowering plant 
thaliana 
2014 rainbow trout Berthelot et al., 2014 Tetraploidization 100 Mya 
2014 carp Xu et al., 2014 Cyprinus carpio, 
allotetraploidization 8.2 
Mya 
2016 Atlantic salmon Lien et al., 2016 Salmo salar, 


2016 Xenopus laevis 


2020 goldfish 


Session et al., 2016 


Chen et al., 2020 


tetraploidization 80 Mya 
African clawed frog, 
allotetraploidization 
17-18 Mya, 
subgenomes L and S 
Carassius auratus, 
allotetraploid, 
subgenomes A and B 
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from the 1950s to the present. However, its long genera- 
tion time (more than a year) and allotetraploidy made it 
unsuitable for genetic analysis, whereas the closely related 
and diploid X. tropicalis came into use as a model organ- 
ism around the year 2000. Mutagenesis screens using X. 
tropicalis identified new or uncharacterized genes (Goda 
et al., 2006; Chung et al., 2014; Nakayama et al., 2017). 
The linkage map of X. tropicalis was constructed using 
simple sequence length polymorphism (SSLP) markers 
(Wells et al., 2011) and became the first amphibian to have 
its entire genome decoded (Hellsten et al., 2010). This 
left the African clawed frog X. laevis as the only one of 
the major model organisms whose genome had not been 
decoded (Table 10.1). 


10.2.1. GENOME SEQUENCING OF X. TROPICALIS 


The genome of X. tropicalis was estimated to be about 1.7 
Gbp, and the whole genome sequencing was carried out 
using a frog of the inbred Nigerian strain and published 
in 2010 (Hellsten et al., 2010) (see details for X. tropicalis 
strains in Igawa et al., 2015). To produce the draft assem- 
bly (Xentr4.1), plasmids, fosmids, and bacterial artificial 
chromosomes (BACs) containing genomic DNA were sub- 
jected for sequencing using the Sanger method. Together 
with EST and cDNA data from many resources, the num- 
ber of protein-coding genes was estimated to be 20,000 to 
21,000. X. tropicalis has 20 chromosomes (n = 10), and at 
the time of the publication of the whole genome sequence, 
a linkage map with 10 linkage groups had been constructed 
(Wells et al., 2011). Scaffolds and linkage groups were 
mapped onto these chromosomes (Hellsten et al., 2010). As 
this was the first amphibian species to be fully sequenced, 
the genome served as an interesting example for compari- 
son of chromosomal structures and sequences with two 
tetrapods: human and chicken. The analyses showed that 
synteny was conserved over long stretches of chromosomes 
and elucidated that fusions and fissions occurred lineage 
specifically. Thus, WGS not only provided information 
on the species itself but also added insight into chromo- 
somal and genome evolution. As a resource, the genome 
sequence of X. tropicalis is very useful for gene cloning, 
designing antisense morpholinos, enhancer and promoter 
analyses, and genetic screens for mutants as well as ChIP- 
sequencing and RNA-sequencing. 


10.2.2. SEQUENCING AND ASSEMBLY OF 


THE X. LAEVIS GENOME 


Even though X. tropicalis appeared to be a suitable amphibian 
model for biological studies, X. /aevis still has its advantages, 
as mentioned previously, including ease of maintenance and 
husbandry under laboratory conditions, ease of obtaining 
embryos, and ease of performing biological and biochemi- 
cal experiments. Therefore, in 2010, genome projects of X. 
laevis began independently in Japan and the United States. 
At the 14th International Xenopus Conference in France, 
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2012, these two teams reached an agreement to collaborate; 
as the project progressed, other researchers joined to form an 
international consortium. 

The genome sequencing of X. laevis was challenging not 
only because of its estimated large genome size (3 Gbp, nearly 
twice as much of X. tropicalis and comparable to human, with 
a total of 36 chromosomes), but the biggest obstacle was to 
distinguish the highly conserved pairs of homeologous genes 
and to correctly assemble the whole genome. To overcome the 
problem with heterozygosity, in which allelic variations poten- 
tially disturb homeolog-specific assembly, the highly inbred 
“J-strain” was chosen as the source of DNA for sequencing. 
The J-strain was made by inbreeding frogs by C. Katagiri, S. 
Tochinai, and their colleagues in Hokkaido University, Japan 
(see Extended Data Figure la in Session et al., 2016, for the 
history of the J-strain). Originally, this strain was made as a 
model animal for immunological analyses and has been used 
in several studies (Izutsu and Yoshizato, 1993; Robert and 
Ohta, 2009). At the time the whole genome sequencing project 
started, inbreeding had been conducted for more than 30 gen- 
erations, and even before that, long-term immunological rejec- 
tion did not occur in skin transplantation assays (Izutsu and 
Yoshizato, 1993). Therefore, polymorphic sequences could 
most likely be attributed to the difference between homeologs. 

As X. laevis has a female heterozygous (ZW) sex deter- 
mination system (Chang and Witschi, 1956), DNA from 
females of the J-strain was shotgun and mate pair sequenced 
with Illumina. Contigs and scaffolds were constructed incor- 
porating end-sequencing of BAC and fosmid clones. These 
sequences were further assembled to chromosome-scale 
using several methods: FISH analyses with BACs and in 
vivo and in vitro chromatin conformation capture methods 
(HiC and the Chicago method, respectively) (Lieberman- 
Aiden et al., 2009; Putnam et al., 2016). FISH analyses iden- 
tified several chimeric scaffolds, which were then separated 
by estimating the fusion sites and reassembled. Chimeric 
sequences were also identified by randomly and arbitrarily 
selecting 987 genes and testing the integrity of their gene 
structures. In the case of tandemly repeated homologous 
gene clusters, such as Hox clusters and mix/bix gene clus- 
ters and regions whose sequence could not be fully deter- 
mined by automatic assembly of shotgun sequences, they 
were filled by manually selecting the corresponding BAC 
and fosmid clones and determining their entire sequences. 
Finally, the ver. 9.1 assembly contained chromosome-level 
sequences for each of the 18 chromosomes. Through meticu- 
lous verification of the assembly, feedback, and re-assembly, 
the genome sequence of X. laevis became probably one of 
the most reliable genomes of its size. The current version 
(as of April 2021) is ver. 10.1, which was reassembled using 
PacBio long read sequences (Genbank GCA_017654675.1). 


10.2.3. COMPARISON BETWEEN X. TROPICALIS AND 
X. LAEVIS GENOMES AND CHROMOSOMES 
Before determining the whole genome sequence of X. laevis, 


the correspondence between the chromosomes of X. tropicalis 
(XTR) and X. laevis (XLA) was identified by FISH analysis 
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using cDNAs of X. laevis (Uno et al., 2013), as well as by the 
detailed chromosome map of X. laevis constructed with the 
assignment of BAC clones (Matsuda et al., 2015; Session et 
al., 2016). FISH analyses with cDNA probes determined the 
pairs of homeologous chromosomes of X. laevis, since home- 
ologous chromosomes harbored basically the same genes. 

As mentioned before, X. tropicalis is diploid and has 20 
chromosomes (2n = 2x = 20); the chromosome pairs are 
numbered as XTR1 to XTR10 (Khokha et al., 2009). The 
allotetraploid X. laevis has 36 chromosomes (2n = 4x = 36), 
consisting of nine pairs of homoeologous chromosomes. 
Of them, eight pairs each corresponded to one X. tropicalis 
chromosome (XTR1-XTR8), whereas the remaining XLA 
chromosomes corresponded to a fusion between XTR9 and 
XTR10 (Uno et al., 2013). Based on the correspondence with 
X. tropicalis chromosomes, the nine homoeologous chromo- 
some sets of X. laevis were renumbered as XLAI, XLA2, 
XLA3, and so on. As one of the homeologous chromosomes 
is longer than the other, according to relative lengths mea- 
sured with the karyotypes (Matsuda et al., 2015), the lon- 
ger chromosomes were suffixed by adding the letter L (for 
“long”) and the shorter chromosomes with S (for “short”), 
making XLAIL, XLAIS, XLA2L, and so on (see Figure 
10.1B for the nomenclature and relationships of the chro- 
mosomes). The chromosomes homologous to XTR9 and 
XTR10 were named XLA9_10L and XLA9_10S to reflect 
their fused status, or simply XLA9L and XLAQS. As stated 
in Matsuda et al. (2015), cytogeneticists may prefer the sim- 
ple nomenclature, but XLA9_10L and XLA9_10S are more 
convenient to perform direct genome and chromosome com- 
parisons between X. laevis and X. tropicalis. 

Chromosome fusion sites in XLA9_10 were identified 
by a comparison of the synteny of genes of XLA9_10L 
and XLA9_10S and those at the ends of XTR9 and XTR10 
(Session et al., 2016). Since the fusion regions in XLA9_10L 
and XLA9_10S were identical and the basic number of 
chromosomes in the family Pipidae (including the genus 
Xenopus) was n = 10, the chromosome fusion was suggested 
to have occurred after the divergence from X. tropicalis and 
before the speciation of the two diploid ancestor species of X. 
laevis. Analyses showed that two chromosomes correspond- 
ing to XTR9 and XTR1O in an ancestral frog fused tandemly 
(without any obvious gene loss) and the centromere was 
repositioned during karyotype evolution (see Extended Data 
Figure 2 in Session et al., 2016). 


10.2.4. THE REAL STORY OF THE IDENTIFICATION OF 
L AND S SUBGENOMES AND CHROMOSOMES 


X. laevis homeologous chromosomes were designated with 
postfixes L and S just according to the difference in lengths 
of chromosomes, as mentioned previously. The description 
of chromosomes and subgenomes in Session et al. (2016) 
may give the impression that the subgenomes coincidentally 
corresponded to the sets of the L (longer) and S (shorter) 
chromosomes of each homeologous pair, but in fact, we had 
identified the subgenomes before naming the chromosomes. 
Here is the real story of how L and S were adopted. 
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As mentioned before, several hundreds of long scaffolds 
had been assigned to 18 chromosomes by FISH analysis using 
BACs located in the scaffolds as probes. The homeologous 
relationships of the scaffolds could be determined by their 
chromosomal locations as well as the presence of homeologous 
genes that the scaffolds contained. However, to distinguish the 
subgenomes consisting of nine chromosomes each, derived 
from the two diploid ancestor species, we needed to find some 
“marks” specific to either of the parental chromosome sets. 
For this purpose, we searched for “fossil” transposons which 
were horizontally transferred into either of the parental species 
and expanded but became inactivated before allotetraploidi- 
zation (Figure 10.1C, D). After identifying and analyzing a 
large number of fossil transposon sequences in the scaffolds, 
we found that two PIF/harbinger-type and one Tcl/mariner- 
type DNA transposons were distributed unevenly in either of 
each homeologous pair of scaffolds, suggesting that they were 
subgenome-specific fossil transposons. The biased distribu- 
tion of fossil transposons on either of actual homeologous 
chromosomes was confirmed by FISH using the Tcl/mariner- 
type transposon as a probe (Figure 10.1E) (Session et al., 
2016). This result indicated that the set of nine chromosomes 
belonging to each of the extinct ancestor species remained 
largely intact as a subgenome in X. laevis without massive 
reorganization. 

Once we successfully identified the subgenomes, we 
needed to name them. Naming them “A” and “B” would 
probably have been the first choice in general, but the suffixes 
“a” and “b” were already used randomly for homeologs, so 
we had to find another pair of suffixes. In parallel with this, 
we were analyzing gene syntenies between homeologous 
scaffolds and finding cases that either of the homeologs was 
absent, being a single-copy gene or “singleton.” Furthermore, 
we realized that singleton genes and tandemly repeated genes 
(gene expansions; see subsequently) were biased toward the 
Tcl/mariner-negative subgenome. Meanwhile, we noticed 
from karyotypes that the Tcl/mariner-positive chromosomes 
all appeared shorter than their counterparts (Figure 10.1E). 
Therefore, we precisely measured the relative lengths of all 
chromosomes, and found that this observation was correct 
(see Table 1 in Matsuda et al., 2015). The biased deletion of 
genes from the Tcl/mariner-positive chromosomes matches 
with those chromosomes being shorter. 

If the chromosomes tend to have fewer gene deletions/ 
more gene expansions, they will become relatively longer 
than those with more gene deletions/less gene expansions. 
Based on this, we proposed to name the homeologous chro- 
mosomes “L” for “longer” and “S” for “shorter,” as well as 
the corresponding subgenomes “L” and “S.” The difference 
in length between homeologous chromosomes is consistent 
with the characteristics of the subgenomes. 


10.2.5. ASYMMETRICAL EVOLUTION OF 
THE L AND S SUBGENOMES 
By distinguishing the L and S subgenomes, we compared 


the divergence of protein-coding gene sequences and esti- 
mated that the two ancestor species arose about 34 Mya 
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(Figure 10.1A) (Session et al., 2016). A draft genome sequence 
of X. borealis, which is related to X. laevis and shares a com- 
mon allotetraploid ancestor, allowed us to estimate their spe- 
ciation about 17 Mya. Together with estimation of expansion 
and cessation periods of the L- and S-specific transposons, 
the allotetraploidization event occurred about 17-18 Mya 
(Figure 10.14) (Session et al., 2016). 

Based on the assembly sequence ver. 9.1 and gene anno- 
tation ver. 1.8, the number of protein-coding genes in the 
genome of X. laevis was estimated to be 45,099 in total, 
about twice that of the diploid X. tropicalis (Session et al., 
2016). According to the allotetraploid nature of X. laevis, a 
single gene in X. tropicalis is supposed to correspond to a 
pair of its orthologous homeologs in X. laevis: for example, 
a gene on XTRI is present as copies on both XLAIL and 
XLAIS. If a pair of homeologs became a singleton in X. lae- 
vis, the relationship would be one to one. Therefore, genes 
of X. tropicalis corresponding to those of X. laevis in either 
a one-to-two or one-to-one relationship were counted. As a 
result, of the 15,613 protein-coding genes of X. tropicalis, 
8806 corresponded to homeolog pairs of X. laevis, whereas 
the remaining 6807 genes corresponded to singleton genes. 
The retention rate of homeolog pairs is calculated to be 56%. 

Comparison of homeologous gene loci between L and S 
shows that the L chromosomes are more similar to X. tropi- 
calis, while the S chromosomes have several large inver- 
sions (Figure 10.1B), suggesting that the S chromosomes 
are more prone to accumulating changes (Session et al., 
2016). Furthermore, focusing on the genes with one-to-one 
correspondence between X. tropicalis and X. laevis (single- 
tons), we found that more genes were lost from the S sub- 
genome (8.3% of the genes in L and 31.5% in S were lost). 
Differences in expression among homeologs were examined 
by RNA-seq analysis of 14 developmental stages and 14 
adult tissues. The results showed that zygotic expression lev- 
els of L genes were, on average, approximately 25% higher 
than those of the corresponding S genes. In addition, genes 
with lower expression levels tended to accumulate more 
mutations, suggesting that they are pseudogenizing or per- 
haps subfunctionalizing. 

Another typical example for asymmetry of the L and S 
subgenomes is the rDNA (45S pre-ribosomal RNA gene) clus- 
ter. The number of rDNA genes in the cluster was originally 
estimated to be about 450 (Brown and Dawid, 1968) and, more 
recently, about 750 (Michalak et al., 2015). The nucleolus is 
formed at the rDNA cluster, and therefore the rDNA region is 
also called the nucleolar organizing region (NOR). The NOR 
in X. laevis was known to be on XLA3L (the same as the 
previously called chromosome 12) (Schmid and Steinlein, 
1991). FISH analysis using rDNA as a probe confirmed 
that the rDNA gene cluster was detected only on XLA3L, 
not on XLA3S (see Extended Data Figure 5a in Session 
et al., 2016). In general, of the two NORs inherited from the 
parental species of a hybrid, only one is actively transcribed, 
the phenomenon called nucleolar dominance (reviewed in 
McStay, 2006; Preuss and Pikaard, 2007). This suggests that 
the parental L species of X. laevis had nucleolar dominance, 
leading to asymmetric evolution of the rDNA cluster. 
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FIGURE 10.1 Phylogenetic relationships of Xenopus species, chromosomal relationships between X. tropicalis and X. laevis, and the 
identification of subgenomes L and S using fossil transposons. (A) Family Pipidae and the genus Xenopus. Divergence times adopted 
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FIGURE 10.1 (Continued) 


from Session et al. (2016) are indicated. Phylogenetic relationships of Xenopus species are adopted from Evans et al. (2004). Species 
of Xenopus other than those of subgenus Silurana (including X. epitropicalis and X. tropicalis) belong to the subgenus Xenopus. X. 
ruwenzoriensis speciated by hybridization between X. amieti and X. pygmaeus followed by polyploidization (dotted lines with arrow). 
(B) Orthologous and homeologous relationships between X. tropicalis chromosomes (XTR) and X. laevis (XLA) L (long) and S (short) 
chromosomes based on chromosome-scale sequence assembly and BAC FISH data. XLA9L and XLAQS are also called XLA9_10L and 
XLA9_10S, which correspond to XTR9 and XTR10 due to chromosome fusion. XLA2L corresponds to both Z and W chromosomes. 
(C) Schematic representation of the fate of transposons. Transposons can be horizontally transferred into a genome, then increase their 
number to invade the entire genome (expansion). Meanwhile, transposons become inactivated by a host immune system and the inacti- 
vated transposons, called fossil transposons, are gradually mutated over time (t). (D) Allotetraploidization and subgenome specific fossil 
transposons in the X. laevis lineage. L- and S-specific fossil transposons (TpL and TpS, respectively) were identified in X. laevis. (E) 
FISH analysis with the TpS probe. Either homeologous chromosome pair is labeled (magenta). Notably, TpS-positive chromosomes are 
found to be the shorter chromosome in each homologous pair, leading to the idea that each of longer (L) and shorter (S) chromosome sets 


corresponds to either of the parental chromosome sets. 


Source: Panels B and E were copied from Session et al. (2016). 


Overall, the two subgenomes evolved differently, with the 
L subgenome conserving sequences of the ancestral species 
and the S subgenome having a higher percentage of bro- 
ken genes due to deletions and rearrangements. Thus, we 
showed for the first time that the subgenomes in an allotetra- 
ploid evolve asymmetrically. Diploidization is the process in 
which polyploids become diploid, and the loss of homeolo- 
gous genes that is observed in X. laevis is probably an early 
event in diploidization. However, it still remains unclear 
what the main evolutionary force driving the differences 
between the L and S subgenomes was. 


10.3. STUDIES UTILIZING THE GENOME 


SEQUENCES OF XENOPUS 


Further precise studying of the whole genome led to a series of 
new findings to understand the changes in the X. laevis genome 
after allotetraploidization. Individual studies were performed 
by different groups, focusing on the sex determining Z and W 
loci, Hox clusters, tandemly repeated genes, gene families, and 
so on in the genomes of X. laevis and X. tropicalis. 


10.3.1. W- AND Z-SPECIFIC REGIONS IN 


THE SEX CHROMOSOMES 


The sex of X. laevis is determined by a ZZ-ZW chromosomal 
system, in which females are heterogametic, as identified by 
genetic analysis (Chang and Witschi, 1956). The sex-deter- 
mining gene, DM-W (the same as dmw), which is female 
specific and thus is on the W-chromosome, was identified in 
2008 (Yoshimoto et al., 2008). This gene is one of the mem- 
bers of the dmrt family, whose members are known to be 
involved in sexual development, such as Drosophila mela- 
nogaster doublesex (dsx), Caenorhabditis elegans mab-3, 
and Mus musculus dmrtl. The sex chromosomes of X. 
laevis were not identified for a long time, but from FISH 
analysis using dmw as a probe, a single W-chromosome was 
distinguished and dmw was located at the q-subtelomeric 
region (Yoshimoto et al., 2008). The sex chromosome is 
XLA2L, but there are two versions: the one containing dmw 
is the W-chromosome, and the other lacking dmw is the 
Z-chromosome. 


To identify possible W or Z region-containing clones, a 
fosmid library was screened by colony hybridization with 
dmw-flanking sequences as probes. These clones were ana- 
lyzed for the presence of dmw. A number of these clones 
with or without dmw and BACs in this region were chosen 
for full sequencing (Session et al., 2016; Mawaribuchi et al., 
2017). Using the full sequences of these clones helped to 
correct the mistakes in the computational ver. 9.1 assembly 
of the X. laevis genome and revealed the structure of the W- 
or Z-specific regions. The W-specific sequence containing 
dmw is 278 kb in length, whereas the Z-specific sequence 
is 83 kb (Figure 10.2A) (Mawaribuchi et al., 2017). In total, 
three W-specific genes including dmw and one Z-specific 
gene were found (Figure 10.2A). Comparisons of these 
genes with their autosomal homologous genes/sequences in 
X. laevis and X. tropicalis were performed to clarify their 
evolutionary histories. The result for dmw was consistent 
with previous reports that dmw may have emerged as a 
duplicate of the dmrt] gene (Yoshimoto et al., 2008), to be 
specific, from dmrtl.S (reported as dmrt/B) (Bewick et al., 
2010) on XLAIS, and integrated into the XLA2L chromo- 
some. The other two W-specific and one Z-specific genes 
were suggested to be duplicates from homologous counter- 
parts on the L chromosomes, but from separate chromo- 
somes. Therefore, it appears that all four W- or Z-specific 
genes were integrated independently. Interestingly, dmw is 
not found in X. tropicalis (Yoshimoto et al., 2008) nor in 
X. borealis (Bewick et al., 2010). This suggests that dmw 
emerged after the divergence of X. laevis and X. borealis or 
was lost in the X. borealis lineage and that sex-determination 
mechanisms of related species are different. 

A similar situation is found in the fish Oryzias latipes, 
whose malesex-determining geneisdmy/dmrtlbY (Matsuda 
et al., 2002; Nanda et al., 2002), which arose evolutionarily 
as a duplicated version of the autosomal dmrtl gene. 
This gene is, however, not the universal sex-determining 
gene in the genus Oryzias (Kondo et al., 2003; Kondo 
et al., 2004). These examples demonstrate the variability 
of sex-determining systems. It would be quite interest- 
ing to identify the sex-determining genes of X. tropicalis 
and X. borealis as well as other Xenopus species to learn 
about the evolution of sex determination in Xenopus. 
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FIGURE 10.2 Structures of the W- and Z-specific regions and the Hox clusters. (A) W- and Z-specific regions at XLA2Lq32-33 are 
indicated by magenta and blue lines and correspond to the W and Z chromosomes, respectively. The flanking regions on the left and 
right sides (black lines) are shared between the W and Z chromosomes and harbor olfactory receptor (or) or cdk4 genes. Modified from 
(Mawaribuchi et al., 2017). (B) Comparison of Hox clusters between X. tropicalis and X. laevis. X. tropicalis has four clusters (Hox 
A, HoxB, HoxC, and HoxD), while X. laevis has four each in the L and S subgenomes (indicated with “.L” and “.S”). hox genes of 13 
paralogous groups are present. All hox genes are retained in X. laevis after allotetraploidization, but for hoxb2.L, which is pseudogenized 


(indicated as “‘p’’). 
Source: Modified from (Kondo et al., 2017). 


10.3.2. ANALyses OF Hox GENES 


The hox genes and the Hox clusters are often identified and 
characterized for genome analysis or evolutionary studies. 
hox genes encode transcription factors, and in the genome 
of most animals, these genes are clustered in a specific 
region called the Hox cluster. The genes and the structure 
of the clusters are well conserved in bilaterians. While the 
chordate ancestor had a single Hox cluster as in the cepha- 
lochordate Branchiostoma floridae (Garcia-Fernández and 
Holland, 1994), the number of Hox clusters has increased 


to four through two rounds of WGD in the vertebrate lin- 
eage (reviewed in Holland, 2013). Thus, cartilaginous fishes, 
bony fishes, and tetrapods have four Hox clusters in their 
genome. An additional third round of WGD occurred in the 
teleost lineage; this was initially proposed based on the exis- 
tence of short duplicated segments of gene synteny in the 
teleost genomes (Aparicio et al., 2002; Meyer and Van de 
Peer, 2005). The strongest evidence for the third round of 
WGD is that teleosts have seven to eight Hox clusters. Most 
teleosts examined have seven clusters by losing one of the 
two HoxC clusters in the lineage including medaka fish and 
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fugu or by losing one of the two HoxD clusters in the lineage 
including zebrafish (reviewed in Kuraku and Meyer, 2009; 
Pascual-Anaya et al., 2013). 

The third round of WGD in the teleost lineage happened 
about 306 Mya (Inoue et al., 2015), which is a much more 
ancient event than the WGD in X. laevis about 18 Mya. As 
expected, the X. laevis genome has eight Hox clusters consist- 
ing of pairs of HoxA, B, C, and D clusters on L and S chromo- 
somes, exactly doubling the four Hox clusters present in X. 
tropicalis (Figure 10.2B) (Session et al., 2016; Kondo et al., 
2017). The 76 hox genes in X. laevis included hoxb2p.L, 
which appeared to be pseudogenized, since its complete cod- 
ing sequence could not be identified and indels were found 
when compared to its homolog hoxb2.S. Although the Hox 
clusters are highly conserved, comprehensive gene expres- 
sion analyses of hox genes revealed differences in expression 
patterns between L and S hox genes during development or 
in adult tissues, which suggest subfunctionalization. In addi- 
tion, the hoxb.L genes in the HoxB.L cluster appear to be 
rapidly diverging compared to hoxb.S genes (Kondo et al., 
2017). This trend is the opposite of other homeologous 
gene sets, in which generally S genes tend to be subjected 
to mutations, pseudogenization, or partial or total deletions 
(Session et al., 2016). 

Collinearity is the idea that the order of genes in the 
Hox cluster is correlated to spatial and temporal sequential 
gene expression during development. Spatial collinearity 
has been demonstrated in various organisms in which the 
anterior hox genes (located to the 3’ end of the cluster) are 
expressed anterior to posterior genes (located to the 5’ end). 
However, the definition of “temporal collinearity” is ambig- 
uous, that is, it is not clear whether “gene expression” refers 
to the accumulation of mRNA or activation of gene tran- 
scription. Moreover, due to this ambiguity, the evidence sup- 
porting temporal collinearity has been weak; as a result, the 
“collinearity” of a complete set of genes within a cluster has 
never been proven. We analyzed the developmental expres- 
sion patterns of all hox genes of X. laevis by RNA-seq and 
grouped them according to their profiles by clustering analy- 
sis, that is, when mRNA accumulation starts and reaches the 
maximum amount. We realized that temporal collinearity 
hypothesis could not be supported (Kondo et al., 2017). 

To further examine the temporal collinearity hypoth- 
esis, since genomic and transcriptome data of X. tropica- 
lis are available and there are no homeologs to distinguish 
in this species, we used X. tropicalis to investigate two 
aspects of “gene expression” to test the temporal collinear- 
ity hypothesis. First, with the help of high-resolution tran- 
scriptome analysis in X. tropicalis (Owens et al., 2016), 
we examined the order of genes whose transcript level 
reaches a certain threshold. Second, the timing of the start 
of de novo transcription was determined using RT-qPCR 
to detect pre-spliced transcripts for all genes in the HoxA 
cluster and some from other clusters (Kondo et al., 2019). 
As a result, we were able to demonstrate that the temporal 
collinearity theory is not experimentally supported. These 
analyses were possible because of the recent enrichment of 
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genome and transcriptome information of the two species. 
Methodologically, the detection of de novo transcripts was 
based on designing qPCR primers at introns or exon/intron 
junctions using genome sequence information. 


10.3.3. DETAILED GENE ORGANIZATION IN THE 


XENOPUS LAEVIS SUBGENOMES 


From the late 1980s to the 1990s, many interesting genes 
were identified in X. laevis, but some of them were not found 
in mice or humans as orthologs, and some other genes had 
multiple paralogs, probably by local gene duplication or 
expansion. To clarify orthologous, paralogous, and home- 
ologous relationships, elucidation of chromosomal local- 
ization and syntenic gene organizations of these genes was 
inevitable. Our gene annotation group in the international 
consortium of the X. laevis genome project examined such 
well-studied genes encoding transcription factors (Watanabe 
et al., 2017; Haramoto et al., 2017), peptide growth factors 
(Michiue et al., 2017; Suzuki et al., 2017a), signal transduc- 
tion components (Suzuki et al., 2017b), cell cycle regulators 
(Tanaka et al., 2017), and others. In addition, genomic orga- 
nization was further clarified for large gene clusters, such 
as the olfactory receptor gene clusters (see Extended Data 
Figure 5a in Session et al., 2016), and the type I and II kera- 
tin gene clusters (Suzuki et al., 2017). In the following, we 
introduce some remarkable findings from these analyses. 


10.3.3.1. nodal5, nodal3, and vg7 Clusters 

Extreme asymmetry between subgenomes L and S was 
found in the nodal5 and nodal3 clusters (Session et al., 2016; 
Suzuki et al., 2017a), as well as the vg/ cluster (Suzuki et al., 
2017a) (Figure 10.3A, B, C). These are examples of clusters in 
which all functional genes were lost from the S subgenome. 
nodal5 and nodal3 are TGFf family members, and the num- 
bers of the genes are expanded (Figure 10.3A, B). Probably 
more than five copies of nodal5 genes exist on XLA3L (per- 
sonal communications from Dr. Shuji Takahashi and Dr. 
Yoshikazu Haramoto). Other TGF family members, vg/ 
and derriere, are duplicates of a common ancestor gene and 
became subfunctionalized paralogs; vg/ is a maternal factor 
in the egg, whereas derriere is zygotically expressed. vg/ is 
present as a single copy gene in X. tropicalis, whereas in X. 
laevis, the vg/.L gene has expanded, forming a gene cluster, 
but vg/.S was pseudogenized (Figure 10.3C). Notably, there 
are two types of the expanded vg/ genes, a functional Ser20 
type (S20) and a non-functional Pro20 type (P20) as para- 
logs (Suzuki et al., 2017a), in which vg/ (P20) was first iden- 
tified as a maternal mRNA (Rebagliati et al., 1985). These 
three clusters have common features: (1) the numbers of 
expanded genes, including pseudogenes and mutated genes, 
in the subgenome L of X. /aevis are more or less the same or 
more than those in X. tropicalis, whereas the corresponding 
genes are missing or pseudogenized in subgenome S and (2) 
the expanded genes appeared to be functionally equivalent 
(not subfunctionalized), implying that these gene expansions 
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FIGURE 10.3 Gene clusters with cluster-specific gene expansions. Comparison of the genomic regions of gene clusters and their flank- 
ing genes on the chromosomes of X. tropicalis (XTR), X. laevis (XLA), Homo sapiens (human; HSA), and Nanorana parkeri (Tibetan 
frog; NPA). Pentagon arrows show the genes and their transcriptional directions. In the gene names, “e” indicates independent gene 
expansion/homogenization in each cluster, indicating that there is no one-to-one orthologous relationships between the genes of those 
clusters. “p” indicates pseudogenes and depicted as black pentagon arrows. (A) nodal5 cluster. The sequence of the nodal5 cluster on 
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FIGURE 10.3 (Continued) 
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XLA3L is not complete as indicated by double slashes. (B) nodal3 cluster. (C) vg/ cluster. The derriére gene is unidentified on XLAIL 
due to the incomplete genomic sequence (double slashes with a question mark). (D) ventx cluster. (E) mix/bix cluster. The same region 
in teleosts and chicken are similar to HSA without gene expansions (see Watanabe et al., 2017). R005123 and R005124 of N. parkeri are 
similar to mix1/mixer and bix genes, respectively. (F) siamois (sia) cluster. sia] and sia2 are also known by the names siamois and twin, 
respectively. LOC-1 and LOC-2 stand for LOC100490626 and LOC100490281, respectively. 


Source: Panels are modified from: A (Session et al., 2016); B and C (Suzuki et al., 2017a); D and E (Watanabe et al., 2017); and F (Haramoto et al., 2017). 


brought about an increase in gene dose but not functional 
diversity. These features are reminiscent of the rDNA 
cluster (see previously), which maintains high gene doses 
by homogenization through gene conversion (Hori et al., 
2021) and is located only in XLA3L, not S. Because tan- 
demly repeated genes tend to increase or decrease in number 
due to uneven crossovers during meiosis, it may be easier to 
maintain an appropriate gene dose at a single locus. 


10.3.3.2. 


Gene clusters were not always deleted from subgenome 
S, as already shown for the Hox clusters, which con- 
sist of different types of paralogous genes, not as in the 
nodal clusters. Therefore, it is possible to assume that 
subfunctionalization of the expanded genes in the clus- 
ter may be the reason for retaining full sets (or close to 
full sets) on both L and S chromosomes in X. laevis, as 
shown in Figure 10.3D, E and F. The ventx cluster in X. 
tropicalis contains six genes, whereas in X. laevis, the 
six genes were doubled and maintained with orthologous 
relationships between subgenomes L and S except for 
ventx2.1/2.2 (see the following for details) and pseudoge- 
nized ventx3.Ip.L (Figure 10.3D) (Watanabe et al., 2017). 
Because another frog, Nanorana parkeri (Tibetan frog) 
(Sun et al., 2015), has three orthologous genes, ventxl, 
ventx2, and ventx3a/3b, the ventx genes were expanded 
and subfunctionalized possibly in the frog lineage or 
earlier (Watanabe et al., 2017). In the common ancestor 
of Xenopus, ventxl, ventx2, and ventx3 were tandemly 
duplicated and rearranged. Curiously, after duplication, 
ventx2.1 and ventx2.2 were presumably homogenized by 
gene conversion in each cluster of X. tropicalis and X. lae- 
vis (see Supplementary Figure 18 in Watanabe et al., 2017) 
and could be designated as ventx2.el and vent2.e2 (Figure 
10.3D). Two of the ventx genes in X. laevis, Xvent-1 and 
Xvent-2 (now identified as ventx1.2.S and ventx2.1.L, 
respectively), have been described to have significant dif- 
ferences in their responses to BMP4 (Dosch et al., 1997), 
suggesting that ventx] and ventx2 are subfunctionalized. 
X. laevis Xvex-1 (ventx3.2.S), which is again involved in 
BMP4 signaling (Shapira et al., 1999), also seems to be 
subfunctionalized. This is because the similarity of the 
homeodomain and entire region of Xvex-1 to either those 
of Xvent-1 or Xvent-2 is much lower than between these 
latter two (Shapira et al., 1999; Watanabe et al., 2017). 
The mix/bix cluster is similar to the ventx cluster (Figure 
10.3E). Previously, the mesodermal/endodermal genes mixl, 
mixer, and bix were individually identified and analyzed in 


Ventx, mix/bix, and siamois Clusters 


different studies (see references in Watanabe et al., 2017), but 
those genes were found to form a single gene cluster each in 
subgenomes L and S (see Figure 3d and Extended Data Figure 
7a in Session et al., 2016; Watanabe et al., 2017). That there 
is only one mix/bix ortholog in humans and teleosts suggests 
Xenopus- or frog-specific gene expansions (Figure 10.3E) 
(Watanabe et al., 2017). In the common ancestor of Xenopus, 
mixl, mixer, and bix were subfunctionalized, and bix was 
tandemly expanded. Similar to ventx2.1 and ventx2.2, bix 
genes were likely homogenized by gene conversion in each 
cluster (see Extended Figure 7a in Session et al., 2016). 

In the siamois gene cluster, sial, sia2, sia3, and sia4 
were expanded (Figure 10.3F) (Haramoto et al., 2017) and 
subfunctionalized (Laurent et al., 1997) in the common 
ancestor of Xenopus. In X. laevis, after allotetraploidiza- 
tion, the homeologous relationships between the four para- 
logs in the clusters are maintained between subgenomes L 
and S, though one gene in each cluster was pseudogenized 
(Haramoto et al., 2017). 

These data of ventx, mix/bix, and siamois gene clusters, 
along with the Hox clusters, suggest that the retainment of 
multiple tandemly repeated genes in both the L and S subge- 
nomes is likely due to the genes having different roles. The 
data also suggest that these gene clusters consisting of tan- 
demly repeated subfunctionalized paralogs are much more 
conserved between the L and S subgenomes compared to 
those consisting of functionally equivalent genes only in the 
L subgenome, such as rDNA, nodal5, nodal3, and vgl. 

Thus, there are two patterns of evolutional changes of 
gene clusters between the subgenomes after allotetraploidi- 
zation in X. laevis. First, tandemly repeated equivalent genes 
that increase gene dose may have to be kept at an optimal 
level in a single locus. Second, the gene clusters that con- 
sist of subfunctionalized paralogs appear to maintain them 
between L and S. This may be because there is some coor- 
dination of gene expression between gene clusters, requir- 
ing the whole region containing the cluster to be conserved. 
These hypotheses remain to be tested. 


10.4. CONCLUSIONS 


WGD is considered one of the driving forces of evolution. 
Especially, allopolyploidization occurs through hybridiza- 
tion coupled with WGD, which could generate a new spe- 
cies with heterosis by combining two different genomes 
from parental species. During evolution, multiple genome 
duplications have occurred in different lineages of Xenopus, 
leading to speciation (see Figure 10.1A). In general, evolution 
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is considered to be brought about by the accumulation of 
mutations (base substitutions, deletions and insertions) in 
the genome sequence, which is a continuous and gradual 
change. On the other hand, allopolyploidization causes the 
sudden combination of genetic diversities from two different 
species. This means that allopolyploidization, given that the 
resulting heterosis is in favor of natural selection, can lead to 
“discontinuous evolution” whereby a new species is suddenly 
born that is superior to the parent species. One can imag- 
ine that the two rounds of WGD in the common ancestor of 
vertebrates were possibly allopolyploidization to make two 
consecutive giant leaps forward in evolution. 

Allotetraploidy of the Xenopus laevis genome is a disad- 
vantage for genomic analysis but became an advantage to 
analyze genome evolution of allopolyploidized species, since 
this complex genome was successfully decoded, and more- 
over, subgenomes L and S were clearly identified. Luckily, 
there are no massive reciprocal translocations between chro- 
mosomes, thereby revealing asymmetric evolution between 
the subgenomes, in which subgenome L is more conserved 
than subgenome S. Typical asymmetries are gene clusters 
of rDNA, nodal3, nodal5, and vg1(S20), all of which were 
retained only in subgenome L. The need for appropriate 
gene expression dosage may be a reason for maintaining 
these asymmetric clusters. By contrast, in a gene cluster of 
subfunctionalized paralogs, such as the Hox clusters and the 
ventx cluster, almost all homeologous genes are retained in 
the subgenomes. Using updated versions of the X. laevis and 
X. tropicalis WGS will give us the chance to discover other 
types of asymmetric evolution of subgenomes. The WGS of 
X. tropicalis and X. laevis has also provided many insights. 
We now know (almost) all of the genomic composition of 
these two species, and we are able to extract the information 
that is necessary for detailed analysis. 


10.5. FUTURE DIRECTIONS 


What we learned from the genomes of X. tropicalis and X. 
laevis goes beyond the analyses of these two species and 
has pointed out that the other members of this genus will be 
interesting subjects for evolutionary studies and much more. 
We will discuss here one of those, how allopolyploidization 
impacts initial and early subgenome evolution. To address 
this issue, there are two alternative but complementary 
ways: one is comparative genome analysis between X. laevis 
and X. borealis, and the other is an experimental approach 
using hybrid formation and polyploidization. 


10.5.1. 


Currently, the completion of the WGS of X. borealis (SRA 
Accession No. SRX1606064) is underway. A full analysis 
of this genome and comparison with the X. laevis genome 
would definitely reveal how allopolyploid genomes evolve. 
That is, because X. laevis and X. borealis speciated just ~1 
million years after allopolyploidization (Session et al., 2016), 
early events (mutations and rearrangements) which were 
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common between X. laevis and X. borealis can be separated 
from later events which are not shared. Furthermore, genome 
sequences and transcriptome analyses of other Xenopus spe- 
cies with higher ploidy levels (see Figure 10.1A) would give 
information on what kinds of subgenomes are present, how 
genomes cope with many subgenomes, how gene expression 
is regulated among the homeologs, and so on. 


10.5.2. ARTIFICIAL HYBRID ANALYSIS 


To experimentally analyze allopolyploidization, the Xenopus 
genus provides us a good system, because it is possible to 
make hybrids and allopolyploids between them as reported 
(see subsequently). When divergent genomes are merged by 
hybridization or allopolyploidization, a “genomic shock” 
occurs in which the subgenomes come into conflict with 
each other (McClintock, 1984; Bird et al., 2018). Studies of 
plant genomes have shown gene loss, genomic rearrange- 
ments, and reactivation of previously silenced transposable 
elements (reviewed in Bird et al., 2018), as well as nucleolar 
dominance (reviewed in Preuss and Pikaard, 2007). These 
early alterations probably lead to “subgenome dominance” 
and thereby to asymmetric evolution of subgenomes. 

In the Xenopus genus, naturally occurring interspecific 
hybrids have been reported (for example, Picker et al., 1996; 
Fischer et al., 2000; Yager, 1996), exemplifying the pre- 
events of allopolyploidization recurring during the course of 
evolution. Experimentally, hybrids between Xenopus species 
have been generated for biochemical analysis (for example, 
Honjo and Reeder, 1973; Brown et al., 1977; De Robertis and 
Black, 1979; Kobel et al., 1981; Bürki, 1985). More recently, 
Xenopus interspecific hybrids have been examined at molec- 
ular and gene levels for nucleolar dominance (Michalak et al., 
2015) or changes in the epigenome (Elurbe et al., 2017) to 
identify early effects of merging of two genomes. Of note, 
Elrube et al. (2017) found derepression of young DNA trans- 
posons, which is analogous to the reaction of plant genomes 
at genomic shock. Further analyses of these interspecific 
hybrids of Xenopus are expected to reveal the mechanism 
of (sub)genome dominance after genomic shock, which may 
trigger asymmetric evolution of subgenomes if hybridization 
will be followed by polyploidization. 


10.5.3. ARTIFICIAL ALLOPOLYPLOID ANALYSIS 


While hybrids are in general infertile, females of experi- 
mentally generated Xenopus interspecies hybrids can be 
partially fertile. This is because the diploid hybrid females 
produce two types of eggs, aneuploid and diploid (2x) 
(Miiller, 1977; Kobel and Du Pasquier, 1986). Diploid eggs 
are produced from endoreduplicated (DNA is replicated in 
the nucleus without division) oocytes (4x) and are larger in 
size. When these diploid eggs are fertilized with haploid 
sperm from a non-hybrid male, triploid individuals develop 
(Kobel and Du Pasquier, 1975). The triploid females simi- 
larly produce triploid eggs (3x) that can be fertilized again 
with haploid sperm to yield tetraploids (Kobel, 1996). On 
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the other hand, males of the Xenopus interspecies hybrids 
tested are sterile, and the number of sperm is remarkably 
lower than non-hybrids (Kobel, 1996; Malone et al., 2007). 
Nevertheless, they may produce some viable sperm with 
the ability to fertilize (Kobel, 1996). The ploidy of these 
sperm is unknown, but they are estimated to be aneuploid, 
since endoreduplication has not been demonstrated in male 
Xenopus hybrids (Kobel and Du Pasquier, 1986). In contrast, 
it has been reported that the sperm of a hybrid between X. 
laevis and X. muelleri appeared to be much larger than its 
parental species (Malone et al., 2007), and they could be 
diploid. If hybrids are able to produce diploid eggs as well 
as diploid sperm, and if they fertilize, an allopolyploid (allo- 
tetraploid) individual may be produced simply in the next 
generation. 

Amphibians have a long history of being experimen- 
tal animals, and numerous research techniques have been 
developed over the years. Besides Xenopus, it was reported 
that amphidiploids (allotetraploids) developed from heat- 
shock treatment of Rana brevipoda eggs inseminated with 
sperm of Rana nigromaculata (Kawamura and Nishioka, 
1960). Another approach has also been reported in which 
autotetraploid individuals of R. nigromaculata and amphi- 
diploids (allotetraploids) of R. nigromaculata and R. bre- 
vipoda were generated (Kawamura and Nishioka, 1983). 
These were made possible by utilizing “traditional” meth- 
ods for amphibian embryo manipulation, namely apply- 
ing heat shock to inhibit first cleavage after insemination 
to double the whole genome (2x to 4x, for example), or 
early cold, heat, or high-hydrostatic pressure treatment 
to suppress extrusion of the second polar body to double 
the maternal genome (see references in Kawahara, 1978). 
To produce allotetraploids, the first step was to produce 
autotetraploid R. nigromaculata by heat-shock treatment 
of normally fertilized eggs. The sperm (2x) from this 
male autotetraploid R. nigromaculata were then used for 
fertilization of eggs from diploid female R. brevipoda, 
followed by early cold treatment to double the maternal 
genome. This enables the fertilized egg to possess two full 
sets of paternal as well as maternal chromosomes. These 
methods would also be applicable to generate allopoly- 
ploids of Xenopus species. Furthermore, application of 
hydrostatic pressure or late cold shock inhibits first cleav- 
age (Reinschmidt et al., 1979; Geach et al., 2012), and by 
the former treatment, autooctoploid X. laevis individuals 
(designated as tetraploid in the literature) have been pro- 
duced (Reinschmidt et al., 1979). Normal fertilized hybrid 
embryos subjected to these treatments would presumably 
grow into allopolyploid individuals. Therefore, theoreti- 
cally, application of any of these methods could generate 
allooctoploids of X. laevis and X. borealis as well as allo- 
hexaploids using either of them and X. tropicalis, three 
species whose whole genome sequence is/will be avail- 
able. It would be interesting to use the hybrids or allopoly- 
ploids to detect the immediate effects of genomic shock 
and subgenome dominance, making use of the genetic 
information at hand. 
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All things considered, X. laevis and its related species 
could be a model for evolutionary studies of the genome 
and for polyploidy. With the increase in molecular informa- 
tion, experimental hybrid formation, or allopolyploidization 
between two different Xenopus species, they are excellent 
tools for analyzing genomic shock, such as asymmetric 
changes of epigenetic marks and gene expression patterns. 
These kinds of analyses will shed light on how asymmetric 
evolution of subgenomes initially took place and may also 
provide some clues to imagine what happened in the two 
rounds of WGD in the common ancestor of vertebrates, as 
well as in the third round of WGD in the common ancestor 
of teleosts. 
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11.1. CHROMATIN STATE: FROM PACKAGING Histone modifications are reversible, involving enzymes with 


DNA TO REGULATORY SUBSTRATE 


Chromatin is the macromolecular complex of genomic DNA 
with proteins and RNA, as it is found in the cell nucleus. 
The histone proteins account for the majority of the protein 
content of chromatin, contributing roughly the same mass as 
chromosomal DNA. The basic structural unit of chromatin 
is the nucleosome, which consists of an octamer of four his- 
tone proteins (histones H2A, H2B, H3, and H4), each present 
twice, around which 145-147 base pairs of DNA are wrapped 
in a left-handed coil (Zhou et al. 2019). Both the nucleosomes 
and the higher-order folding of nucleosomal DNA contribute 
to packaging, condensing, and storing chromosomal DNA 
in an orderly fashion. In addition, rather than mere packag- 
ing material, chromatin also represents the in vivo substrate 
of all processes involving DNA, whether it be transcription, 
DNA replication, DNA repair, recombination, mitosis, or 
meiosis. The specific way chromatin is organized at a par- 
ticular locus therefore holds great regulatory potential at the 
molecular level (Perino and Veenstra 2016). First, nucleo- 
some positions matter; gene-regulatory regions tend to have 
a nucleosome-free region or exhibit a reduced nucleosome 
stability. This is associated with increased accessibility of 
the DNA for other molecules, for example, transcription fac- 
tors (Section 3). Second, the histones are subject to extensive 
post-translational modifications; the modifications on the 
N-terminal tails of histone H3 have been investigated exten- 
sively (Bogdanovic et al. 2012; Perino and Veenstra 2016). 


DOI: 10.1201/9781003050230-13 


“writer” and “eraser” activities. Moreover, many of the mod- 
ifications are bound by specific proteins (“readers”), which 
bring about the molecular functions of the histone marks. 
In Section 4, we will discuss the dynamics of these modi- 
fications. Third, the DNA itself can be reversibly modified 
both within and between nucleosomes; this occurs predomi- 
nantly by methylation of cytosine within CpG dinucleotides. 
Methylated DNA is bound by methyl-CpG binding proteins. 
In addition, methylation status has ramifications for the 
modifications of the histone tails (Sections 4 and 5). Last, 
chromatin is organized in loops and topologically associat- 
ing domains (TADs), which constitute interaction neighbor- 
hoods. Within these neighborhoods, regulatory sequences 
such as promoters and enhancers show relatively high inter- 
action frequencies. Many chromatin-associated proteins and 
protein complexes play a part in how chromatin and the regu- 
latory sequences and genes it contains are regulated, involv- 
ing architectural proteins, chromatin remodeling enzymes, 
DNA- and chromatin-modifying enzymes, histone chaper- 
ones, and DNA-binding proteins and their co-factors. 

This chapter will focus on the roles of chromatin in gene 
regulation during early embryonic development. We will 
highlight insights obtained in Xenopus but will also discuss 
the similarities and differences between species where rele- 
vant. We will start with an overview of aspects of chromatin 
that have been studied in Xenopus tropicalis and Xenopus 
laevis, including epigenome maps that represent a valuable 
community resource (Section 2). This will be followed by 
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sections discussing chromatin dynamics in the context of 
embryonic development (Sections 3-5). We will conclude 
with future perspectives (Section 6). 


OVERVIEW OF EPIGENOME MAPS: 
WHAT IS WHERE, WHEN? 


Chromatin state, or epigenome, refers to the way chromatin is 
organized across the genome in a particular cell type or stage 
of development. Each of the organization levels of chromatin 
can be characterized using various techniques in combination 
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Xenopus 


with next generation sequencing (Bright and Veenstra 2019; 
Hontelez et al. 2019; Quigley and Heinz 2019; Gilchrist et al. 
2020). The genome-wide regulatory landscapes are referred 
to as epigenomic maps or chromatin state maps (Tables 11.1 
and 11.2; Figure 11.1). Conceptually, chromatin state maps 
can be used in two different ways: (1) inspection of particular 
lociin gene-centric analyses, for example, identifying relevant 
regulatory elements of a gene at a particular stage of develop- 
ment, and (2) genome-wide analyses of global transitions and 
the impact of perturbations. The first chromatin state maps 
of vertebrate embryos were obtained using Xenopus (Akkers 


TABLE 11.1 


Histone Modification Maps of Xenopus Embryos, Obtained by ChIP-seq, Chromatin Immunoprecipitation Followed 
by Sequencing. The modifications are denoted by histone (H3, H4), modified residue (K, lysine; number, amino acid 
position), modification (me1, monomethylated; me2, dimethylated; me3, trimethylated, ac, acetylated). Other 
abbreviations: X.tro, Xenopus tropicalis; X.lae, Xenopus laevis; NF, Nieuwkoop-Faber stage of development; AC, 
animal caps. 

Xenopus Species Stage (NF) Reference 


Epigenomic Feature Genomic Locations 


H3K4me1 Active or poised regulatory elements X.tro 8, 9, 10%, 12%, 16, 30 (Gupta et al. 2014; Hontelez et al. 2015) 
(promoters and enhancers) X.lae 10% (Elurbe et al. 2017) 
H3K4me3 Active or poised promoters (broad X.tro 8, 9, 10%, 12%, 16,30 (Akkers et al. 2009; van Heeringen et al. 2014; 
domains at some loci) Hontelez et al. 2015) 
X.lae 10%, 12, AC (Elurbe et al. 2017; Quigley and Kintner 2017; 
Kuznetsov et al. 2019) 
H3K9ac Active promoters X.tro 8, 9, 10%, 124, 16, 30 (Hontelez et al. 2015) 
H3K9me2 Repetitive elements X.tro 9, 10%, 12%, 16, 30 (Hontelez et al. 2015; van Kruijsbergen et al. 2017) 
H3K9me3 Repetitive elements X.tro 9, 10%, 12%, 16, 30 (Hontelez et al. 2015; van Kruijsbergen et al. 2017) 
H3K27ac Active regulatory elements, enhancers X.tro 8, 9, 10% (Gupta et al. 2014) 
and promoter-distal elements X.lae 12, AC (Quigley and Kintner 2017; Kuznetsov et al. 2019) 
H3K27me3 Repressed or poised regulatory X.tro 8, 9, 10%, 12%, 16, 30 (Akkers et al. 2009; van Heeringen et al. 2014; 
elements (broad domains at some Hontelez et al. 2015) 
loci) X.lae 12 (Kuznetsov et al. 2019) 
H3K36me3 Gene bodies of transcribed genes X.tro 9, 10%, 124, 16, 30 (Hontelez et al. 2015) 
X.lae 10% (Elurbe et al. 2017) 
H4K20me3 Repressive, repetitive elements X.tro 9, 10%, 12%, 16, 30 (Hontelez et al. 2015; van Kruijsbergen et al. 2017) 
TABLE 11.2 


Non-Histone Chromatin State Maps Abbreviations: WGBS, Whole genome bisulfite sequencing; BioCAP, 
capture of unmethylated CpGs followed by sequencing; ATAC-seq, assay for transposase-accessible chromatin, 
followed by sequencing; HiC, chromosome conformation capture assay for detecting all-to-all interactions; 
X.tro, Xenopus tropicalis; X.lae, Xenopus laevis; NF, Nieuwkoop-Faber stage of development; AC, animal caps. 


Epigenomic Feature Genomic Locations 


DNA methylation Throughout the genome, BioCAP X.tro 
except CpG islands WGBS 
(H3K4me3 and H3K27me3- WGBS X.lae 
regulated loci) 
Chromatin Active regulatory regions ATAC-seq X.tro 
accessibility 
X.lae 
Chromosome Topologically associating HiC X.tro 
topology domains (TADs), interaction 
neighborhoods of X.lae 


chromosomes 


Technique Xenopus Species 


Stage (NF) Reference 


11-12 (Long et al. 2013) 
9, 10%, 12%, 30,43 (Hontelez et al. 2015; Bogdanovic et al. 2016) 
10% (Session et al. 2016; Elurbe et al. 2017) 


9, 10%, 12%, 16, (Bright et al. 2021) 


AC, DMZ 
AC (Esmaeili et al. 2020) 
8, 9, 10, 11, 12, 13, (Niu et al. 2021) 
15, 17, 23 
10%, AC (Quigley and Kintner 2017) 


Chromatin Remodeling during Development 175 


gstt1 cabin1 crkl sirt4 
HH HIP bb panel Bed 
ddt HH vegt bil IN TAT bia 


H3K27me3 stage 9 
H3K27me3 stage 10.5 _ 
H3K27me3 stage 12.5 
H3K27me3 stage 16 


H3K27me3 stage 30 _ e EEE TERA - 
H3K36med3 stage 9 y Y Aai 

H3K36me3 stage 10.5 4 E oS A 
H3K36me3 stage 125 __— Ee 
IET AA es A A A = 
H3K36me3 stage 30 etal e e e 5 
H3K4ma1 stage 9 i À A A E ee ee ee 
H3K4me1 stage 10.5 PA a — = 
PICKING SACS ARES AO Di i cet nile a R 
H3K4me1 stage 16 O EA AS Y SR A 
H3K4me1 stage 30 SEEE A TOES - 
MIXIMW3 slap. S i = L 
H3K4me3 stage 10.5 W a 3 a 

H3K4me3 stage 125 | E A 

H3K4me3 stage 16 Lo FERRE I 5 
H3K4me3 stage 30 Í 5 EE E ae 

H3K9a pore! E | d 
H3K9ac stage 10.5 ; Se ee eee 
H3K9ac stage 12.5 AA RN E TEE A e A o E 


H3K9ac stage 16 APS IAS NS RI TN, S 
H3K9ac stage 30 Ad PE e A PS, A 


p300 stage 9 


= ee lis 2 — ean 
p300 stage 10.5 S E ee ee E SY es | eee ae 
p300 stage 12.5 Se ee ee A eS TE eee SO ee eee 
p300 stage 16 PASAS AE A 
p300 stage 30 AA A A A A e di 
RNAPII stage 9 EMS RAI AMEN TI 
RNA A A A A A A A NN E eee 


RNAPII stage 12.5 


RNAPII stage 16 SS N rer OE SALE AE AA 


RNAPII stage 30 PAE A AAA IS ELES TIT ERRE 
H3K9me2 stage 9 


H3K9me2 stage 10.5 
H3K9me2 stage 12.5 
H3K9me2 stage 16 


et ees + ee se 


H3K9me2 stage 30 A TE E ILAE Cpe a T. 
H3K9me3 stage 9 = A Ez ; SENT Oe h A ee ee É 
H3K9me3 stage 10.5 ,. A O IS EAS E): ARCA O ae 


H3K9me3 stage 30 nt se 
H4K20me3 stage 9 


a AI aA 


H4K20me3 stage 12.5 Ă EA NO O 


H4K20me3 stage 16 á di 


H4K20me3 stage 30 


FIGURE 11.1 Genome browser view of chromatin state maps of early X. tropicalis development. Depicted is the vegt locus with neigh- 
boring genes and H3K4mel (active and poised regulatory elements, including promoters and enhancers); H3K4me3 (active and poised 
promoters); H3K9ac (mainly active promoters); H3K27me3 (Polycomb repression); H3K36me3 (transcribed transcription units); RNA 
polymerase I; Ep300 (active putative enhancers); and H3K9me2, H3K9me3, and H4K20me3 (heterochromatin, repetitive elements). 
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et al. 2009). Chromatin state maps of zebrafish, mouse, and 
human embryos would follow suit (Vastenhouw et al. 2010; 
Lindeman et al. 2011; Liu et al. 2016; Xia et al. 2019). The 
functional genomic elements associated with particular chro- 
matin states in Xenopus are very similar to those in other 
vertebrate species, despite substantial differences in GC con- 
tent and CpG density between genomes. However, the differ- 
ences in overall nucleotide composition do affect the relative 
frequencies of promoter elements. For example, there is a 
more frequent use of the TATA box relative to the GC-rich 
Spl motif in Xenopus compared to human promoters (van 
Heeringen et al. 2011). Nonetheless, similar to human pro- 
moters, frog promoters frequently feature a relatively high 
density of unmethylated CpG dinucleotides (Bogdanovic et 
al. 2011; Long et al. 2013; Hontelez et al. 2015). Also similar 
to the promoters in human and other genomes, active promot- 
ers in frogs feature accessible chromatin and are enriched for 
methylated histone H3 lysine 4 (H3K4mel, H3K4me3) and 
acetylated H3K9 (H3K9ac; Tables 11.1, 11.2) (Akkers et al. 
2009; van Heeringen et al. 2014; Hontelez et al. 2015; Bright 
et al. 2021). Compared with promoters, enhancers typically 
show an intermediate level of chromatin accessibility when 
active and are marked by H3K4mel (but not H3K4me3) 
and H3K27ac. The H3K27 acetylation mark is deposited by 
the p300 (Ep300) coactivator. H3K4 methylation is consid- 
ered permissive; active regulatory elements usually exhibit 
H3K4 methylation, but some inactive or “poised” elements 
have these modifications as well. The H3K27me3 mark 
(mutually exclusive with H3K27ac) is involved in repres- 
sion of transcription by the Polycomb Repression Complex 
2 (PRC2). It is often found in broad domains of unmethyl- 
ated CpG islands at developmentally and spatially regulated 
genes. Trimethylation of H3K36 is a proxy for elongating 
RNA polymerase II, whereas methylated H3K9 and H4K20 
(H3K9me2, H3K9me3, H4K20me3) are modifications 
associated with heterochromatin and repetitive elements 
(Hontelez et al. 2015; van Kruijsbergen et al. 2017). The 
epigenome maps of both X. tropicalis and X. laevis allow 
for studies of genome evolution (Elurbe et al. 2017) and pro- 
vide a rich resource for both whole genome and gene-centric 
analyses of embryonic development. 


11.3. CHROMATIN ACCESSIBILITY: OPENING 
THE DOOR FOR GENE EXPRESSION 


11.3.1. HISTONE VARIANTS AND LINKER 


HISTONES MODULATE NUCLEOSOME 
DYNAMICS AND ACCESSIBILITY 


With the exception of sperm, histones are abundant nuclear 
proteins in all cells. In Xenopus oocytes and early embryos, 
these proteins are even more abundant. Normally cells con- 
tain a mass of core histones that is approximately equal to the 
mass of their genomic DNA, but oocytes and early embryos 
contain excess histone protein, stored in the cytoplasm. The 
abundance of stored histone proteins and histone-encoding 
mRNAs in Xenopus embryos made them attractive targets 
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for early studies of the histones in relation to their incorpora- 
tion in embryonic chromatin and the mid-blastula transition 
(Woodland and Adamson 1977; Woodland 1980; Koster et al. 
1988). In agreement with these early studies, quantitative pro- 
teomics has established that oocytes and early embryos con- 
tain over 1012 molecules of core histone proteins (Smits et al. 
2014). This is more than enough to package newly replicated 
DNA into chromatin until well after the onset of embryonic 
transcription during blastula stages. 

Most of the histone protein is incorporated in chro- 
matin by DNA replication-coupled chromatin assembly 
mechanisms. In somatic cells, this happens through S phase- 
specific expression of canonical histone genes, tightly coor- 
dinated with the need for chromatin assembly during DNA 
replication. However, additional non-canonical histone 
genes exist. They encode variant histones that serve distinct 
functions and that can be incorporated in chromatin inde- 
pendent of replication-coupled chromatin assembly (Martire 
and Banaszynski 2020). Variant histones are subject to 
dynamic exchange (deposition and eviction), which is medi- 
ated by histone chaperones. For example, in the histone H3 
family of proteins, histones H3.1/3.2 are incorporated dur- 
ing S phase by the CAF-1 complex. By contrast, H3.3, which 
differs at just five and four amino acids with H3.1 and H3.2, 
respectively, is selectively deposited at gene-regulatory 
regions by the HIRA histone chaperone complex in a DNA 
synthesis-independent manner. This causes nucleosomes to 
be more dynamic at regulatory regions. Depletion of histone 
H3.3 by morpholinos leads to problems with blastopore clo- 
sure in Xenopus embryos (Szenker et al. 2012; Sitbon et al. 
2020). One H3.3-specific residue, S31, is critical for rescue 
of this phenotype. This serine is phosphorylated, and a phos- 
pho-mimetic S31D mutation not only rescues H3.3 depletion 
but also increases H3.3 K27 acetylation. This modification 
is strongly associated with gene activation. This suggests 
that the gastrulation phenotype is caused by a requirement 
for efficient H3K27 acetylation that depends on histone 
exchange and S31 phosphorylation (Sitbon et al. 2020). 

H2A.Z (H2az1/H2az2) is one of many variants of his- 
tone H2A that is predominantly found at gene-regulatory 
regions, where it facilitates access of transcription factors 
and other chromatin-associated proteins to DNA (Martire 
and Banaszynski 2020). Mutations in Srcap, a chromatin 
remodeler mediating the incorporation of H2A.Z into chro- 
matin, cause Floating-Harbor syndrome (FHS). There are 
two H2A.Z variants, which differ by just three amino acids. 
Knockdown of H2A.Z.2 (H2az2) mimics the FHS craniofa- 
cial phenotype in Xenopus (Greenberg et al. 2019). Also, for 
this molecule, a single amino acid difference with H2A.Z.1 
is critical for H2A.Z.2 to rescue the phenotype. In contrast 
to the amino acid substitutions in H3.3, this amino acid dif- 
ference in H2A.Z.2 may affect the stability of nucleosomes. 
The altered H2A.Z-containing nucleosomes appear critical 
for a specific category of AT-rich enhancers that regulate 
neural crest gene expression (Greenberg et al. 2019). H2A.Z 
specifically recruits the Pwwp2a protein to DNA (Piinzeler 
et al. 2017). Knockdown of this protein in Xenopus also 
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results in craniofacial defects and aberrant neural crest 
migration, suggesting that this protein mediates the function 
of H2A.Z in neural crest gene expression. 

Linker histones bind to the dyad axis of nucleosomes 
(where DNA enters and exits the nucleosome) and gener- 
ally have a role in chromatin compaction (Prendergast and 
Reinberg 2021). However, this does not mean that all linker 
histones repress transcription. Studies in Xenopus have 
made important early contributions in the emerging roles 
of variant linker histones in embryonic development (Smith 
et al. 1988; Dworkin-Rastl et al. 1994; Steinbach et al. 1997). 
Canonical histone H1 is virtually absent in oocytes and 
early embryos. Instead, they contain a variant linker histone 
encoded by the h/—8 gene (also referred to as linker histone 
B4, HIM, or h1foo). This early embryonic linker histone is 
gradually diluted and replaced by canonical (somatic) H1 
during development. In animal cap explants, somatic H1 
promotes the loss of mesodermal competence, suggesting 
that somatic H1 but not maternal H1-8/B4 represses genes 
involved in mesoderm induction (Steinbach et al. 1997). 
H1-8/B4 has a relatively low affinity for chromatin com- 
pared to somatic H1 (Ura et al. 1996), which may explain the 
transcriptionally permissive nature of chromatin associated 
with developmental competence in early embryos. These 
data illustrate how variant core and linker histone are criti- 
cally important for chromatin accessibility and gene regula- 
tion during development. 


11.3.2. CHROMATIN ASSEMBLY AND THE ONSET 


oF ZYGOTIC GENOME ACTIVATION 


The nucleosomes that are formed by the very abundant 
maternal stores of histone proteins generally provide a 
barrier towards transcription; this is especially the case in 
early development, in which chromatin assembly is very 
repressive towards transcription. Before ovulation, oocytes 
are arrested in prophase of meiosis I and transcriptionally 
active. Meiotic maturation under the influence of proges- 
terone leads to completion of meiosis I and an arrest at 
metaphase of meiosis II. These eggs are transcriptionally 
quiescent. After fertilization, the maternal gene products 
of the egg need to sustain the embryo until well into blas- 
tula stages, when the embryo starts to transcribe its own 
genes (zygotic genome activation, ZGA). Injected promoter- 
reporter templates recapitulate this pattern of endogenous 
transcription: they are active in oocytes but repressed in 
embryos until the mid-blastula stage, when they become 
active again. This was first demonstrated with an RNA 
polymerase III-dependent tRNA promoter and subsequently 
with a number of RNA polymerase II-dependent promoters, 
such as the c-Myc promoter, one of the histone H2B promot- 
ers, and the CMV promoter (Newport and Kirschner 1982; 
Prioleau et al. 1994; Veenstra et al. 1999). Excess competi- 
tor DNA that is co-injected with the promoter construct 
interferes effectively with chromatin assembly, as judged 
from supercoiling assays, and relieves the repression of 
transcription before the mid-blastula stage. Injection of the 
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general transcription factor TBP stimulates this precocious 
transcription by one to two orders of magnitude (Prioleau 
et al. 1994; Veenstra et al. 1999). This is because TBP (Tbp) 
is only minimally present before the mid-blastula stage. 
TBP is also virtually absent in transcriptionally active 
oocytes, but oocytes contain TBP2 (Tbpl2), a TBP replace- 
ment factor in oocytes that is largely degraded during 
oocyte maturation (Jallow et al. 2004; Akhtar and Veenstra 
2009). In cleavage-stage embryos, neither TBP nor TBP2 
is abundant, but TBP accumulates during blastula stages 
due to translation of maternal tbp mRNA. Interestingly, in 
cleavage-stage embryos with exogenous TBP, injected pro- 
moter constructs become transiently active, to be repressed 
coincident with chromatin assembly (Prioleau et al. 1994; 
Veenstra et al. 1999). Chromatin assembly is much more 
efficient in egg extract than in oocyte extract (Wang and 
Shechter 2016). Moreover, depletion of free histones leads 
to an earlier ZGA (Amodeo et al. 2015). This suggests that 
repression of transcription before ZGA occurs at multiple 
levels: chromatin assembly is repressive towards transcrip- 
tion, and, in addition, the abundance of TBP and TBP2 
determines the capacity of the transcription machinery in 
early development. 


11.3.3. CHROMATIN ACCESSIBILITY AND 
TRANSCRIPTION FACTOR BINDING 


Chromatin accessibility, as interrogated using ATAC- 
sequencing, is observed from late blastula stages onward 
(Bright et al. 2021), suggesting an important role for mater- 
nal factors in chromatin opening. Indeed, maternal factors 
may contribute to chromatin opening, pluripotency, and 
germ layer specification (Paraiso et al. 2020). Many regula- 
tory elements that are active in early embryos contain bind- 
ing sites for the pluripotency factors Oct4 (Pou5f3.1, 3.2, and 
3.3) and Sox2/3. Of these proteins, Pou5f3.2, Pou5f3.3, and 
Sox3 are maternally expressed and are required for estab- 
lishing chromatin accessibility at approximately 40% of 
putative regulatory elements (Gentsch et al. 2019). Another 
maternal factor, Foxhl, is bound to regulatory elements as 
early as the 32-cell stage (Charney et al. 2017a). In early 
blastula embryos, Foxh1 recruits Tle, a co-repressor that 
can associate with the histone deacetylase Hdacl. In pro- 
spective endoderm, early Foxhl-Tle binding to regulatory 
elements of endoderm-expressed genes precedes the recruit- 
ment of the zygotically expressed Foxa activator and the 
co-activator Ep300. This suggests a molecular “hand-off” 
between maternal and zygotic forkhead transcription factors 
that coincides with a switch from repression to activation of 
transcription (Charney et al. 2017a). Maternal factors Vegt 
and Otx1 also bind to regulatory elements in cleavage stage 
embryos and orchestrate endoderm formation together with 
Foxh1 (Paraiso et al. 2019). The mediator of canonical Wnt 
signaling, B-Catenin (Ctnnbl), is also associated with DNA 
before the mid-blastula stage (Blythe et al. 2010; Afouda 
et al. 2020). It recruits Prmt2, a histone methyl transferase, 
methylating histone H3 on arginine 8 and priming target 
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genes such as sial, nodal5, and nodal6 for expression in 
the dorsal region of blastula-stage embryos (Blythe et al. 
2010). In addition, P-Catenin works together with Foxh1 and 
Nodal/Teff signaling in the activation of Wnt target genes, 
as shown by knockdown and pharmacological inhibition 
experiments (Afouda et al. 2020). The endoderm-specific 
transcription factor Sox17 and B-Catenin also co-occupy 
many regulatory elements, which modifies the response to 
Wnt/P-Catenin signaling in endoderm (Mukherjee et al. 
2020). 

These data illustrate how some transcription factors gain 
early access to generally inaccessible chromatin to orches- 
trate embryonic gene regulation. Chromatin accessibility at 
promoter and enhancer regions generally increases during 
blastula and gastrula stages (Bright et al. 2021). At the early 
gastrula stage, extensive chromatin accessibility is observed 
in different regions of the embryo, supporting the extensive 
lineage potential of the cells in these regions. Within this 
relatively open chromatin, transcription factors operate in a 
combinatorial fashion (Bright et al. 2021), allowing the cells 
to respond to inductive signaling. This involves so-called 
feed-forward circuitry in which (maternal) factors acti- 
vate genes both directly and indirectly (Gazdag et al. 2016; 
Charney et al. 2017b; Afouda et al. 2020). Collectively, these 
studies document how establishing chromatin accessibility 
is a key step in establishing developmental competence and 
the ability to respond to inductive signals. 


11.4. HISTONE MODIFICATIONS: 
ACQUISITION AND DYNAMICS 
DURING EARLY DEVELOPMENT 


11.4.1. OOCYTE AND EGG STORAGE 


HIsTONES AND REPLICATION-COUPLED 
CHROMATIN ASSEMBLY DYNAMICS 


The histone proteins are extensively modified in cell-type 
and locus-specific ways. The modifications provide a scaf- 
fold for binding proteins that are recruited to sequences 
wrapped in nucleosomes with these modifications. These 
“reader” proteins can be effector molecules, involved in acti- 
vation or repression of transcription (reviewed in Smith and 
Shilatifard 2010; Soshnev et al. 2016). As discussed above 
(3.1), oocytes and early embryos contain storage forms of 
histone protein that are not associated with genomic DNA. 
Early experiments indicated that pre-deposition (i.e. mater- 
nally stored) histones H3 and H4 are acetylated (Woodland 
1979). These marks are linked to gene activity when present 
in chromatin, but H4, and to some extent H3, is deacety- 
lated upon deposition. This corresponds to removal of some 
of the storage modifications. Mass spectrometry and west- 
ern blotting experiments showed that these are not the only 
modifications on storage histones, some of which are not 
removed during deposition. H2A and H3 arginine methyl 
marks, for example, are no different before and after deposi- 
tion in chromatin. Conversely, some modifications are not 
present in storage histones. Examples of these are H3K4 
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methylation (permissive mark for transcription), H3K27 
trimethylation (facultative heterochromatin), and H3K9 
trimethylation (constitutive heterochromatin), which are 
not found on pre-deposition histones (Nicklay et al. 2009; 
Shechter et al. 2009). 

DNA replication-coupled chromatin assembly exerts 
a major effect on histone modifications in chromatin, as 
it determines to what extent the existing marks are main- 
tained. During DNA replication in Drosophila embryos, 
chromatin of nascent DNA does not contain H3K4me3 and 
H3K27me3 until one hour after DNA replication, when they 
are re-established (Petruk et al. 2012). In mammalian cells, 
some di- and tri-methylation modifications in “old” nucleo- 
somes may be recycled, as they are reduced two-fold upon 
DNA replication, to be gradually restored during the ensu- 
ing cell cycle (Alabert et al. 2015). In both cases, this means 
that there is a major delay in restoring histone modifications 
after DNA replication. Contributing to such a delay, in both 
Drosophila embryos and differentiating mouse ES cells, 
is the Utx histone H3K27demethylase, which prevents re- 
establishing of H3K27me3 on newly replicated DNA (Petruk 
et al. 2013; Petruk et al. 2017). These mechanisms have not 
been studied in Xenopus, but such delays are likely to have 
a dramatic impact on histone modification dynamics during 
the cleavage stages, when the cell cycles are extremely short. 


11.4.2. ACQUISITION OF THE ANTAGONISTIC H3K4mE3 


AND H3K27me3 MARKS IN THE EMBRYO 


H3K4me3 and H3K27me3 are the marks associated with 
respectively the Trithorax and Polycomb group genes, 
originally identified in Drosophila. Using mass spectrom- 
etry, the permissive H3K4me3 promoter mark appears 
to be relatively abundant in late blastula embryos. In later 
development, its share in embryonic chromatin decreases 
(Schneider et al. 2011). H3K27me3, the Polycomb repressive 
mark, on the other hand, is quite low in blastula embryos 
but increases during subsequent development. This suggests 
that chromatin becomes less permissive and more repres- 
sive as development proceeds. As a general notion, this 
is in line with chromatin accessibility data that link open 
chromatin to multi-lineage potential in blastula and gastrula 
embryos (Bright et al. 2021). Chromatin immunoprecipita- 
tion (ChIP) experiments have provided independent results 
on these dynamics. H3K4 methylation accumulates rapidly 
in early blastula embryos, whereas H3K27me3 follows a 
bit later: it accumulates between mid-blastula and late gas- 
trula stages (Akkers et al. 2009; van Heeringen et al. 2014; 
Hontelez et al. 2015). We have referred to this as a hierar- 
chy of activation and repression (Figure 11.2), as opposed to 
co-occurring H3K4me3 and H3K27me3, referred to as biva- 
lency. Bivalent chromatin does occur in Xenopus embryos, 
as determined by ChIP-re-ChIP experiments, but it is not a 
predominant feature, and it tends to be quickly resolved spa- 
tially within the embryo (Akkers et al. 2009). These obser- 
vations initially caused some debate because bivalency had 
attracted some attention as a special type of chromatin state. 
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As it turns out, the characteristics observed in Xenopus are 
conserved among vertebrates. In zebrafish, the histone mod- 
ification dynamics appear quite similar to those in Xenopus 
(Lindeman et al. 2011). Even in mouse and human pre- 
implantation embryos, which are never completely devoid 
of histone modifications, the permissive H3K4me3 mark 
at ZGA precedes a wave of H3K27 methylation (Liu et al. 
2016; Xia et al. 2019). Bivalency is also much less frequent 
in mouse embryos compared to mouse embryonic stem cells 
(Liu et al. 2016). 

In cleavage-stage Xenopus embryos, H3K4me3 and 
H3K27me3 appear to be absent. It should be noted that 
any constitutive chromatin-associated epitope will double 
with every cleavage division of the embryo. Therefore, it is 
important to address by how much H3K4me3 increases on 
a per-cell or per-unit-of-chromatin basis. This is not neces- 
sarily resolved in ChIP-sequencing experiments. Even if a 
modification is hardly present, it is still possible that what 
little is present is highly localized in particular genomic 
regions, producing highly enriched ChIP-sequencing peaks. 
ChIP with quantitative PCR allows quantifying the percent- 
age recovery relative to input DNA for a particular sequence, 
which then can be compared across stages. The median 
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recovery of H3K4me3-associated DNA relative to genomic 
DNA is about 200 lower at stage 7 compared to stage 9 
(Figure 11.2A; Hontelez et al. 2015). This is a very conser- 
vative estimate, since it is based on the median of a col- 
lection of genes that are not all expressed very abundantly. 
Because the highest recovery (observed at stage 9) cannot 
exceed 100% of histones at a promoter, and as the average 
chromatin fragment size in the ChIP experiments accom- 
modates maximally two nucleosomes (four H3 tails per 
allele), this suggests an upper limit of H3K4me3 abundance 
of one modified histone tail molecule per promoter (both 
alleles) per 25 cells at stage 7. This is the upper limit of what 
the abundance of H3K4me3 could be given the data at hand. 
From such a minimal amount of the H3K4me3 modification, 
the embryo goes on to increase H3K4 methylation preced- 
ing and coincident with an increase of transcription. This 
increase thus necessarily involves de novo methylation of 
H3K4 where H3K4me3 did not exist. Based on experiments 
involving a-amanitin, a drug that inhibits RNA polymerase 
II, H3K4 trimethylation largely depends on maternal factors 
operating on DNA methylation-free CpG islands, whereas 
non-CpG island promoters tend to require new transcription 
for the acquisition of H3K4me3 (Hontelez et al. 2015). 
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(A) Recovery of DNA (% of input DNA) in H3K4me3 (upper panel) and histone H3 (lower panel) ChIP-qPCR at promot- 


ers of selected loci (rnf146, torla, zicl, cdcl4b, eomes, odcl, xrccl, drosha, gdf3, tbxt, tbx2, fastkd3, eeflalo) in X. tropicalis embryos. 
The plot shows re-analyzed data published by Hontelez et al. (2015). The median recovery of H3K4me3 increases over 200-fold between 
four hours post-fertilization (4 hpf, stage 7) and 7.5 hpf (stage 9). The overall recovery of histone H3 decreases, possibly because of 
increasing amounts of chromatin per ChIP or increasing levels of modifications not recognized by the pan-H3 antibody. (B) Model of 
DNA methylation and hierarchical acquisition of H3K4me3 (first) and H3K27me3 (subsequent), with spatial resolution of temporary 
bivalent modifications (co-occurring H3K4me3 and H3K27me3). These modifications accumulate preferentially in hypo-methylated 
regions under the influence of maternal factors (that is, not affected by a-amanitin). This may be regulated by “placeholder” nucleosomes 
in cleavage stage embryos, similar to zebrafish, which do not contain H3K4me3 or H3K27me3 but mono-methylated H3K4 (H3K4mel) 
and the H2A.Z(FV) histone variant. The two boxes in the bottom row represent two epigenomic states present in different cells, referred 
to as spatial regulation. 
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At face value, this major increase in H3K4me3 during 
blastula stages appears to be at odds with nuclear transfer 
experiments that suggest that histone modifications can 
be transmitted through early development. Ever since the 
Nobel prize-winning work of Sir John Gurdon, Xenopus has 
been an exceedingly powerful system to study the mecha- 
nisms underlying the reprogramming of somatic nuclei by 
injection into eggs or oocytes. The major implication of the 
reprogramming achievements is that the cellular changes of 
differentiation are not genetic and irreversible but epigenetic 
and reversible in nature (Gurdon 2013). Nuclear reprogram- 
ming, however, is not very efficient due to epigenetic barriers 
that stabilize cellular identity. These barriers involve epigen- 
etic memory of the donor cell type that manifests itself in 
donor cell type-specific gene expression in nuclear transfer 
embryos. This is referred to as ON-memory, whereas OFF- 
memory reflects a failure to activate genes in nuclear transfer 
embryos that were repressed in donor cells. Reducing H3K4 
methylation (mono-, di-, and tri-methylation) by overexpres- 
sion of the Kdm5b demethylase in donor cells (endoderm) 
reduced ON-memory (endoderm-specific gene expression in 
ectoderm) in nuclear transfer embryos and improved their 
development (Hórmanseder et al. 2017). This raises the ques- 
tion of how ON-memory by H3K4me3 is transmitted through 
the stages of short cell cycles before the blastula stage. Sperm 
nuclei have both H3K4me3 and H3K27me3 at loci where they 
also accumulate in blastula embryos (Oikawa et al. 2020). 
The presence of H3K4me3 at the same loci in sperm and 
blastula chromatin does not necessarily mean that the histone 
modifications are transmitted through the cleavage stages, 
because H3K4me3 preferentially accumulates in DNA meth- 
ylation-free regions (Bogdanovic et al. 2011; van Heeringen 
et al. 2014; Hontelez et al. 2015). Conversely, H3K4me3 can 
influence DNA methylation. For example, RNAi of H3K4 
methyl-transferase in human embryo carcinoma cells caused 
CpG island hyper-methylation on a subset of loci in addition 
to a loss of H3K4me3 (Putiri et al. 2014). If such cross-talk is 
operational in donor nuclei, it is possible that H3K4me3 indi- 
rectly mediates ON-memory in nuclear transfer embryos by 
stabilizing DNA methylation-free CpG islands, which sub- 
sequently stage preferential H3K4 re-methylation at the blas- 
tula stage. Interestingly, in zebrafish embryos, “placeholder” 
nucleosomes with a histone H2A variant and H3K4mel (but 
not H3K4me3) have been found to occupy regions lacking 
DNA methylation in cleavage-stage embryos (Murphy et al. 
2018). Upon ZGA, many of the placeholder-occupied regions 
become active and acquire H3K4me3 (Murphy et al. 2018). 
Loss of these placeholder nucleosomes, however, results in 
the accumulation of DNA methylation on CpG islands. The 
pre-ZGA placeholder nucleosomes have not been studied in 
Xenopus but are consistent with acquisition of H3K4me3 
and H3K27me3 in pre-existing hypomethylated regions 
under the influence of maternal factors during blastula and 
gastrula stages in Xenopus (Bogdanovic et al. 2011; van 
Heeringen et al. 2014; Hontelez et al. 2015). This is an attrac- 
tive model (Figure 11.2B) that can potentially explain H3K4 
methylation-dependent ON-memory in nuclear transfer 
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embryos. Other possibilities include the selective retention 
of H3K4me3 on a small subset of genes during the cleavage 
stages (exceptions to the dynamics shown in Figure 11.2A) 
and differences between the Xenopus species used in these 
experiments. 


11.4.3. HETEROCHROMATIN MARKS AT REPETITIVE 


ELEMENTS AND NEAR GENES 


H3K9 methylation (me2, me3) and H4K20me3 decorate the 
epigenome in a punctate manner. They co-occupy many 
of the transposon sequences that are interspersed in the 
genome and are enriched at putative centromeric and telo- 
meric regions (van Kruijsbergen et al. 2017). The modifica- 
tions mark a subset of all transposons. Some retrotransposon 
families gain H3K9me3 and H4K20me3 between blastula 
and gastrula stages. By contrast, specific DNA transposon 
families are enriched for H4K20me3 and the Polycomb mark 
H3K27me3 early in development, only to lose these marks 
later in development. Interestingly, these DNA transposons 
acquire H3K27me3 earlier than gene promoters do. Taking 
intra-family diversity as a proxy for age, young transpos- 
able elements (high similarity within the sub-family) were 
preferentially associated with H4K20me3 and H3K9me3, in 
line with a role in repressing these genomic parasites (van 
Kruijsbergen et al. 2017). Although repetitive elements may 
be the primary drivers of heterochromatinization, the inter- 
spersed localization of transposable elements may cause 
them to influence gene regulation. The two major methyl 
transferases responsible for H4K20me3, Kmt5b/c (Suv4— 
20h1/h2), repress one of the three Oct4 paralogs (pou5f3.2, 
also referred to as oct25) in X. laevis (Nicetto et al. 2013). 
Knockdown of these enzymes caused defects in neural dif- 
ferentiation. Simultaneous morpholino targeting of pou5f3.2 
rescued these defects in neural ectoderm gene expression. 
In mouse embryonic stem cells, a similar role for Kmt5b/c 
was identified in downregulation of Oct4 during the exit of 
pluripotency (Nicetto et al. 2013). These data show that the 
role of H4K20me3 is not restricted to repression in the con- 
text of constitutive heterochromatin and that it contributes to 
dynamic gene regulation and lineage commitment. 


11.5. DNA METHYLATION: REPRESSION 
VERSUS MODULATION OF 
HISTONE MODIFICATIONS 

11.5.1. DNA METHYLATION DYNAMICS 


DNA methylation predominantly occurs at the majority of 
CG (CpG) dinucleotides in vertebrate genomes. Deamination 
of 5-methyl cytosine produces thymine, which explains why 
CpG dinucleotides are relatively rare in the genome except 
for sequences where CpGs are kept in an unmethylated 
state, so-called CpG islands. Unmethylated CpG islands are 
found at many promoters, and they are associated with large 
H3K27me3-enriched domains (Bogdanovic et al. 2011; 
Long et al. 2013). 
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There is not much detailed information available on 
DNA methylation dynamics during the earliest stages of 
Xenopus development. In zebrafish, for example, the oocyte 
and sperm patterns of DNA methylation differ. In cleavage- 
stage fish embryos, the maternal patterns are remodeled to 
mimic those found in sperm and later stages of develop- 
ment (Jiang et al. 2013; Potok et al. 2013). Different from 
pre-implantation development of mammals, neither zebraf- 
ish nor Xenopus exhibit a global genome-wide DNA hypo- 
methylation around ZGA. Based on Southern blotting in 
combination with methylation-sensitive restriction enzymes, 
it was found that X. laevis genomic DNA is globally hyper- 
methylated from early blastula (stage 6) onwards, similar to 
sperm (Veenstra and Wolffe 2001). In mouse, Tetl, a dioxy- 
genase enzyme involved in DNA demethylation, demethyl- 
ates the genome after fertilization. Xenopus, however, do not 
have an ortholog of mammalian Tet]. Xenopus species do 
have Tet2 and Tet3, which are abundantly expressed from 
neurula stages onwards. Based on morpholino injections, 
Tet3 is important for eye and neural development (Xu et al. 
2012). Whole genome bisulfite sequencing (WGBS) has 
been performed from late blastula stages (stage 9) onward, 
confirming the overall stability of DNA methylation over 
developmental time (Hontelez et al. 2015; Bogdanovic et al. 
2016). Around 600 enhancer elements, however, are actively 
demethylated around stage 30, at the so-called phylotypic 
stage. A similar phenomenon is observed in zebrafish and 
mouse embryos (Bogdanovic et al. 2016). 


11.5.2. DNA METHYLATION, REPRESSION AND Cross- 


TALK WITH HISTONE MODIFICATIONS 


DNA methylation is generally thought to be repressive 
towards transcription. Using morpholinos in X. laevis 
embryos to knock down the DNA methyl transferase Dnmtl, 
the protein was found to contribute to repression of tran- 
scription before the mid-blastula transition. A catalytically 
dead form of the protein, however, could rescue this pheno- 
type, showing that this function is unrelated to DNA meth- 
ylation (Dunican et al. 2008). Although DNA methylation 
of CpG-dense promoters is strongly repressive in oocytes 
(Jones et al. 1998), this is not necessarily true in blastula- 
and gastrula-stage embryos. In a comparison of methylated 
versus unmethylated transgenes, methylated reporters were 
strongly repressed in oocytes and tailbud-stage embryos 
but not in blastula and gastrula embryos where they were 
expressed despite being methylated (Bogdanovic et al. 2011). 
This does not mean that DNA methylation is inconsequen- 
tial in early development, as the H3K4me3 and H3K27me3 
histone modifications preferentially accumulate in hypo- 
methylated regions from blastula stages onwards (Hontelez 
et al. 2015). 


11.6. FUTURE DIRECTIONS 


Research in Xenopus has been at the frontier of chroma- 
tin research. As discussed previously, this included early 
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discoveries of the histone proteins as the packaging material 
of genomic DNA, key insights in cloning and nuclear trans- 
fer experiments, and the first epigenome maps of vertebrate 
embryos. There are promising indications that Xenopus will 
continue to play this role. Recently the chromosome topology 
of chromosomal DNA during development has been described 
(Quigley and Kintner 2017; Niu et al. 2021). Moreover, single 
cell transcriptomics and single-cell chromatin accessibility 
assays allow resolving gene regulatory landscape at the level 
of individual cells, providing the resolution to disentangle 
developmental trajectories and gene regulation in embryos at 
the level of individual cell types (Briggs et al. 2018; Kakebeen 
etal. 2020; Bright et al. 2021). New insights can also be gleaned 
from comparisons between X. laevis and X. tropicalis. These 
two species are generally considered similar in their develop- 
mental programs. Comparisons between the two species are 
interesting in the context of genome evolution. X. laevis as 
a species originated from inter-specific hybridization 17-18 
million years ago, resulting in a duplicate, allo-tetraploid 
genome (Session et al. 2016). Kilobase-sized deletions are 
prevalent in this genome, especially in chromosomes derived 
from one of the parental species. In addition, reactivation of 
transposons may have played a major role in reshaping the 
epigenomic landscape (Elurbe et al. 2017). This indicates that 
epigenomic comparisons of Xenopus species may contribute 
new insights in genome evolution and chromatin dynamics 
over ultra-long time scales. 

All these exciting developments have been shaped in 
some way or another by new technologies. Computational 
analyses have become essential to extract insight from ever- 
increasing amounts of data. All these developments and 
compelling recent findings on chromatin dynamics indicate 
that Xenopus species have been and will continue to be pow- 
erful models for development and disease. 
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12.1. HISTORICAL BACKGROUND 


The orchestration of cohorts of gene expression at specific 
times and places during animal development needs to be 
precisely repeated in every cell in every generation to create 
and sustain the life of the organism. Regulatory programs 
controlling gene expression in time and space, known as a 
gene regulatory network (GRN), are critical to understand 
the mechanisms governing developmental processes. A 
GRN displays interactions between regulatory effectors, 
such as transcription factors (TFs) and cis-regulatory mod- 
ules (CRMs), and explains how target gene expression is 
precisely triggered to be induced or repressed (Peter and 
Davidson, 2015). CRMs are typically 100-1000 base pairs in 
length and dock a number of TFs, acting as a functional unit, 
to regulate expression of a nearby gene (Davidson, 2006). In 
general, a gene produces a specific pattern of transcription 
in space and time by integrating the enhancers, insulators 
and silencers, and multiple CRMs can combine to produce 
complex patterns of gene expression (Gray et al., 1994). All 
of this information is hardwired into the animal genome, 
and GRN study provides a mechanistic understanding of 
these biological processes, often displaying TF and gene 
interactions using a wiring diagram. 

Genetic modification of individual genes has served as 
a powerful tool to uncover critical functions in both phe- 
notype and the developmental regulation to achieve it. The 
uncovering of the hierarchical regulatory interactions of 
the segmentation gene network in Drosophila has led to a 
powerful illustration of how TFs organize networks of sub- 
ordinate genes to guide the behavior of embryonic cells 
during development (Schroeder et al., 2004). These discov- 
eries also inform us that developmental genes function in 
networks, and it is their function within these networks that 
DOI: 10.1201/9781003050230-14 
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ultimately generates biological outcomes. Thus, identifying 
the structure of a network and its functions and activities is 
a necessary step toward comprehending the cause of various 
embryonic and cellular behaviors at a system-wide level, as 
well as predicting phenotypes in disease. 

The first theoretical model describing the mechanisms 
controlling gene regulation in higher eukaryotes was pos- 
tulated by Britten and Davidson (1969). They hypothesized 
that individual TFs regulate the expression of diverse batter- 
ies of genes to provide specific phenotypic outcomes. The 
authors presented the structure of the regulatory network as 
a wiring diagram to describe how genes interact in a net- 
work. Because of the unidirectional information flow (input 
=> output) within genomic control systems, a GRN diagram 
is distinct from other types of networks, such as protein- 
protein interaction networks or metabolic networks, which 
typically lack clear directionality. Subsequently, Davidson 
and coworkers expanded their approach and performed 
more systematic investigation of a GRN, including all the 
genes operating in a single network controlling the speci- 
fication of endomesoderm cells in early sea urchin devel- 
opment (Peter and Davidson, 2010). Their endomesoderm 
GRN diagram depicted relationships between nearly 50 TFs 
and illustrated how changes at a single node (one interac- 
tion point between a gene and its regulator) in the network 
can impact the transcription of multiple downstream genes 
(Nam and Davidson, 2012). By linking the direct input and 
output information of each interaction (based on the spa- 
tiotemporal expression patterns of the genes, DNA binding 
information, and perturbation analysis), it becomes feasible 
to predict the potential outcome of a given regulatory inter- 
action (Faure et al., 2012). 

Establishment of similar regulatory network diagrams 
for vertebrate embryonic development is a necessary next 
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step to understand the control of cell fate specification at 
the transcriptional level. The diploid frog Xenopus tropicalis 
is an ideal system to build and study developmental GRN. 
Xenopus has long been used as a model for vertebrate early 
development and has contributed greatly to the elucidation 
of gene regulation. Xenopus embryos can be experimentally 
manipulated at the earliest stages of development to allow 
gain-of-function and loss-of-function analyses with relative 
ease. The readily available genomic tools make the Xenopus 
system ideally suited for the systematic identification of 
genes affected by such manipulations. These advantages 
point to the utility of the Xenopus system for the collection 
of the large number of data sets to be used for GRN study. 

Identifying the molecular parts encoded in the genome is 
only a first step towards understanding how context-specific 
biological processes are controlled. As we shall see, the knowl- 
edge of how these parts are combined and function together 
is an equally important question. A little over a decade ago, 
efforts were made to compile the available molecular data 
into GRNs describing Xenopus mesendoderm and Spemann 
organizer development (Loose and Patient, 2004; Koide et al., 
2005). In 2017, additional findings were applied to update the 
mesendoderm GRN from fertilization to the beginning of 
gastrulation, linking TFs and critical signaling pathways with 
transcriptional targets (Charney et al., 2017a). Close attention 
was paid to focus on “direct” interactions between TFs and 
target genes to build the GRN regulating mesendoderm. 

An important consideration in creating GRNs is to iden- 
tify direct links between a TF and its direct target genes to 
understand the underlying network substructures regulating 
gene expression. We recommend the following three criteria 
to be used to create an interpretable GRN (Koide et al., 2005). 
First, an obvious and critically important criterion is that a 
putative direct target gene must be expressed temporally and 
spatially in a manner consistent with the expression of the TF 
proposed to control it. For example, if the TF is an activator, 
the target gene should be coexpressed in the same or overlap- 
ping region where the TF is expressed. Conversely, if the TF 
is a repressor, target gene expression should be excluded (or 
reduced) from the region where the TF is expressed. Second, 
a strong correlation must exist between perturbation of a 
regulatory TF and the expression changes of the suspected 
target genes. Regulation can be measured following gain- 
and/or loss-of-function experiments (e.g., injection of mRNA 
encoding a TF or a translation blocking antisense morpholino 
oligonucleotide) by analyzing changes in target gene RNA 
expression (e.g., RNA-seq, RT-PCR, northern blotting, in situ 
hybridization). Third, a direct physical interaction between 
the TF and a CRM controlling the proposed target needs to 
be validated experimentally because perturbation experi- 
ments alone are insufficient to distinguish between direct 
and indirect effects. Methods for assessing direct interaction 
include chromatin immunoprecipitation (ChIP), gel electro- 
phoretic mobility shift assay (EMSA), DNase footprinting, 
or reporter gene assays (evaluating appropriate binding site 
mutations). This linkage of direct TF binding to regulated 
genes is often lacking in the published literature, making it 
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difficult to state with confidence whether the induction of a 
proposed target gene is direct or indirect. Only connections 
that satisfy all three criteria should be defined as direct. 
However, we recognize that DNA binding is only sugges- 
tive of functional regulation and that the “gold standard” 
evidence is to mutate the TF binding site and examine the 
effect on gene expression in vivo. This is particularly impor- 
tant as ChIP-seq analysis finds abundant neutral binding sites 
(in addition to those involved in regulation) that don’t affect 
gene expression (Bardet et al., 2013). These criteria should be 
carefully considered whenever building GRNs. 


12.2. PAST OBSERVATIONS 


12.2.1. Brief Overview OF XENOPUS DEVELOPMENT 


After fertilization, the Xenopus zygote undergoes multiple 
rounds of cell division to give rise to an embryo with smaller 
cells (blastomeres) but without increasing the overall volume 
of the embryo. During the early stages of this process, some 
maternally deposited mRNAs and proteins are asymmetri- 
cally inherited by individual blastomeres through cytokinesis 
(see Chapter 3). These differentially localized materials spec- 
ify the germ layer cell identities by initiating their respective 
germ layer-specific GRN programs along the animal-vegetal 
axis. Other maternal components are asymmetrically distrib- 
uted along the future dorsal-ventral axis, which is initiated 
by the site of sperm entry. During gastrulation, the germ lay- 
ers undergo patterning and are subdivided into smaller more 
specified cell fate territories that eventually define organ/ 
tissue primordia. The broadly defined mesendodermal ter- 
ritory (vegetal and equatorial regions of the embryo) forms 
distinct endodermal and mesodermal lineages. Initially, 
the mesoderm is broadly defined into dorsal mesoderm 
(Spemann’s organizer) and ventral mesoderm territories. 
Demarcation of the boundary is not distinct. Further interac- 
tions subdivide mesoderm into more distinct domains that 
give rise to head mesoderm, notochord, somite, lateral plate, 
and ventral mesenchyme. The ectoderm also subdivides into 
neural and epidermal ectoderm territories via neuralizing 
signals emanating from Spemann’s organizer, which secretes 
Bmp, Wnt, and Nodal antagonists to promote naive ectoderm 
(presumptive epidermal tissue) into neural tissue (see Chapter 
4). As embryogenesis progresses, neural subdivisions are 
formed. Neural crest and pre-placodal ectoderm also arise 
from the neural plate border region that is formed between 
the neural plate and the epidermis. At the same time, endo- 
dermal regions subdivide, providing distinct anteroposterior 
characteristics to give rise to endodermal organ precursors. 
GRN structural features underlying germ layer specification, 
Spemann’s organizer formation, and mesendoderm pattern- 
ing in Xenopus are discussed in the following section. 


12.2.2. GRNs DURING GERM LAYER FORMATION 


Germ layer specification (the delineation of ectoderm, meso- 
derm, endoderm) is one of the first cell lineage commitment 
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events in animal development. This occurs shortly after the 
activation of the zygotic genome roughly around the mid- 
blastula transition stage (Blitz and Cho, 2021). With the 
exception of amniotes, germ layer specification depends on 
unequally distributed maternal determinants present in the 
egg before fertilization (reviewed in Paraiso et al., 2020), 
which are the first inputs that specify the differentiation of 
germ layer cell types. In Xenopus, maternal RNAs and pro- 
teins are specifically enriched animally (future ectoderm) 
or vegetally (future endoderm) in the egg, which are subse- 
quently asymmetrically inherited by different blastomeres. 
Ectoderm germ layer specification requires the maternally 
expressed forkhead domain TF Foxi2, which is highly 
enriched as mRNA in the animal region of the Xenopus 
embryo (Cha et al., 2012) and is required for the zygotic 
expression of ectodermal genes such as /hx5 and cdhl 
(e-cadherin). Additionally, maternal Foxi2 has been shown 
to directly activate the zygotic expression of foxil (a gene 
encoding a closely related Foxi TF) by binding to the foxil 
promoter. Like Foxi2, Foxil is an important regulator of the 
ectodermal gene expression program (Suri et al., 2005; Mir 
et al., 2007). The mechanism by which these related Fox 
TFs execute the ectodermal specification GRN program 
is currently unknown. A signaling pathway important for 
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ectodermal cell patterning is Bmp signaling, which is medi- 
ated by signaling mediators Smad1/5/9 and Smad4 (hereaf- 
ter called Smad1/4 complex) (review Harland, 2000; Hawley 
et al., 1995). In the future, ChIP-seq analysis of Foxi2 and 
Smad1/4, as well as the knockdown of these TFs, are likely 
to uncover the beginnings of the ectodermal GRN structure. 

The popular model of mesoderm and endoderm layer 
specification in Xenopus places maternal T-box transcrip- 
tion factor Vegt at the top of the hierarchy of mesoderm/ 
endoderm gene regulatory cascade (Zhang et al., 1998; 
Kofron et al., 1999; Xanthos et al., 2001) (Figure 12.1A). 
Vegt mRNA, which is maternally transcribed and anchored, 
is released into the vegetal half equivalent to the future 
endoderm and mesoderm of blastula stage embryos after 
fertilization. Vegt controls the zygotic transcription of the 
Xenopus Nodal ligands, accumulation of which initiates 
Nodal signaling. Since high concentrations of Nodal specify 
endoderm and lower concentrations induce only mesoderm 
(Green and Smith, 1990), one popular model proposes that 
graded concentrations of Vegt regulate graded amounts 
of Nodal ligands along the animal-vegetal axis to specify 
distinct mesoderm and endoderm cell fates (Kimelman 
and Griffin, 1998). While this model is attractive, it is too 
simplistic (Kofron et al., 2004). Recent work uncovered the 
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Gene regulatory networks for initial mesoderm and endoderm specification in Xenopus. (A) Early blastula mesoderm 


and endoderm. Maternal TFs are critical for setting up initial mesoderm and endoderm GRNs. Solid lines indicate linkages confirmed 
at the cis-regulatory level. (B) Early gastrula mesoderm and endoderm. Note that mesoderm is subdivided into two dorsal and ventral 
mesoderm regions, whereas endoderm is subdivided into anterior/dorsal and ventral endoderm. 
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importance of the maternal TF Otx1 in endoderm formation 
(Paraiso et al., 2019). Like vegt, otx] mRNA is localized 
to the vegetal region, and Otx1 works with other maternal 
TFs (e.g., Vegt and Foxhl) to promote the transcription of 
endodermally expressed genes. Additionally, Otx! is a dual- 
function TF, as it also has a repressive role in endoderm by 
suppressing fgf20 and fef8 expression. This is important 
because Fef signaling promotes mesoderm development. 


12.2.3. GRNS DURING GASTRULATION 


While germ layer specification occurs along the animal- 
vegetal axis, cortical rotation of the cytoplasm shortly after 
fertilization transports Dishevelled, a component of Wnt 
signaling, to the dorsal side. This results in activation of a 
Wnt signaling cascade dorsally as revealed by enrichment of 
Ctnnbl (B-Catenin) to the nucleus, which causes transcrip- 
tional activation of homeobox genes sial/2 at the blastula 
stage in the mesendodermal region (Laurent et al., 1997; 
Brannon et al., 1997). More specifically, Ctnnbl forms a 
complex with Tcf/Lef members of the HMG box TF fam- 
ily on the regulatory regions (CRMs) of the sial/2 genes 
and the nodal5/6 genes prior to zygotic genome activation 
(Figure 12.1A) (Laurent et al., 1997; Nishita et al., 2000; Rex 
et al., 2002). This activation of sial/2 and nodal5/6 provides 
an essential spatial activating input that is needed to induce 
the expression of the Spemann organizer gene goosecoid 
(gsc) (Watabe et al., 1995; Laurent et al., 1997), which marks 
this signaling center required for the formation of primary 
body axis (Spemann and Mangold, 1924). In terms of gene 
regulation, CRMs of gsc integrate multiple different inputs 
and synergistically respond to these inputs (Figure 12.1B). 
Sial/2 directly bind to a CRM called the proximal element 
located upstream of the gsc promoter at pregastrula stages 
and activate its transcription (Laurent et al., 1997). In addi- 
tion to the Sial/2 input, a TF complex of Smad2/4-Foxhl 
serves as an input for signaling pathway activators, includ- 
ing Gdf1/3 and a number of Nodal ligands, via another CRM 
called the distal element. The combination of these different 
inputs synergistically activates gsc transcription during late 
blastula stages. 

At the gastrula stage, shortly after gsc induction, addi- 
tional transcription of genes encoding TFs including Mixl, 
Otx2, and Lhx! occurs in the organizer region (Mochizuki 
et al., 2000). All of these zygotically expressed factors later 
bind to the same gsc CRMs and maintain the expression 
of gsc through a feedforward loop until the neurula stage 
(Charney et al., 2017a; Paraiso et al., 2020). At about the 
same time when gsc expression begins in the dorsal marginal 
zone of late blastula-stage embryos, tbxt (brachyury) expres- 
sion encompasses the entire marginal zone (Smith et al., 
1991). Thus, gsc and tbxt are briefly coexpressed within a 
population of the Spemann’s organizer cells. However, the 
gsc and the tbxt expression domains quickly segregate to 
generate two non-overlapping expression domains, due to 
Gsc’s ability to bind to a CRM of tbxt to suppress its expres- 
sion in the organizer (Artinger et al., 1997; Figure 12.1B). 
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This results in generating spatially distinct gene expression 
domains. Gsc-expressing cells will become the prechordal 
plate mesoderm, and Tbxt-expressing cells will become the 
chordamesoderm and the remaining ventral mesoderm. 

Regarding tbxt regulation, its initial expression is 
induced by intermediate levels of Nodal (Green and Smith, 
1990), but its sustained expression is regulated by a posi- 
tive feedback regulation via a CRM of tbxt that responds 
to Foxh1/Smad2/4 input and later by Fgf signaling, which 
helps sustain tbxt expression after gastrulation (Latinkié 
et al., 1997). Gsc additionally represses the expression of 
wnt&a and ventx2 genes in the organizer to promote head 
formation by inhibiting the posteriorizing function of 
these factors (Yao and Kessler, 2001; Latinkic et al., 1997; 
Yasuoka et al., 2014). These repressive actions of Gsc illus- 
trate how broadly overlapping expression of TFs can segre- 
gate into two spatially distinct domains (spatial exclusion) 
with clear expression boundaries to ensure specification of 
new cell states. 

In Xenopus endoderm, the maternal TF Ctnnbl 
(B-catenin) is required for high expression levels of sev- 
eral nodal genes at the onset of zygotic transcription. Both 
inputs of Ctnnbl and Foxh1/Smad2 promote the expression 
of endodermal Sox17, Foxa, Gata, and Mix TF families, 
(Afouda et al., 2020; Figure 12.1). A recent genomic study 
shows that Sox17 and Ctnnbl synergistically activate a sub- 
set of endodermal enhancers, and this activation is context 
dependent, sometimes requiring Tcf/Lef, and sometimes 
functioning independently of Tcf/Lef (Mukherjee et al., 
2020). In addition to promoting expression of mesendoderm 
genes like gsc and hhex, Sox17 also represses ectodermal 
and mesodermal gene transcription in endoderm and pro- 
motes an endodermal GRN program by activating endoder- 
mal target gene expression. 


12.2.4. GRN Suscircuits IN XENOPUS EMBRYOS 


Developmental genes, which control expression of large 
gene batteries, are rapidly induced or repressed to control 
the expression levels and duration of specific gene expres- 
sion in both space and time. Much of the complexity of the 
transcriptional regulation involves the interplay of TFs on 
CRMs that reside close to target genes. It is through these 
mechanisms that feedback and feedforward loops are cre- 
ated. Here we examine common topological network sub- 
circuits that are found during early Xenopus mesendoderm 
development. 


12.2.4.1. 


The intrinsic ability of critical genes to self-regulate their 
expression in development is important in maintaining cell 
fate and differentiation. Autoregulatory mechanisms come 
in a variety of forms. They can be positive or negative, 
and they may be direct or indirect. Positive autoregula- 
tion occurs when a TF enhances its own rate of production 
directly or indirectly. A common consequence of this type 
of regulation is to sustain the expression of target genes 
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for a prolonged period to provide cell lineage memory. 
Alternatively, the regulation may allow a surge of gene 
transcription due to the production of more TF molecules, 
which cause amplification of the TF-regulated output 
response. Positive autoregulation can also lead to a sto- 
chastic difference in expression to specify cell fates due to 
amplification of noise or cell-cell variations (Alon, 2007; 
Peter and Davidson, 2015). The simplest positive feedback 
system requires only a single gene (node) (Figure 12.2A), in 
which the product binds to a CRM on its own gene and posi- 
tively auto-stimulates its transcription. Examples include the 
positive autoregulation of Nodal signaling in the endoderm 
and dorsal mesoderm (Chiu et al., 2014) and the positive 
autoregulation of ventx2 on the ventral side of the embryo 
(Henningfeld et al., 2002). Multi-gene positive feedback 
loops (Figure 12.2B) were found in the Spemann organizer 
region, where Otx2 induces the expression of gsc, which 
promotes ofx2 expression to maintain the activity of the 
prechordal pate mesoderm during gastrulation (Yasuoka 
et al., 2014). In ventral mesoderm, where sustained expres- 
sion of fgf2 and bmp4 is needed, Ventx2 stimulates the 
transcription of bmp4, which in turn produces more Bmp4 
ligand that enhances Bmp signal to further stimulate pro- 
duction of ventx2 (Schuler-Metz et al., 2000; von Bubnoff 
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et al., 2005). Similarly, Tbxt directly binds to CRMs of 
the fef8/20 genes and stimulates production of these 
Fgf ligands, which in turn actives more tbxt expression 
(Schulte-Merker and Smith, 1995; Latinkié et al., 1997). 
These examples show how the expression of both tbxt and 
ventx2 are sustained from blastula onward during meso- 
derm patterning using two different feedback loops, that 
is, self-activation and multi-gene feedback loop regulation. 
It also reveals how different network subcircuits are tightly 
woven into the network system and multiple inputs regulate 
the expression of individual genes. 

Negative autoregulation subcircuits may occur when a 
TF down-regulates the transcription of its own gene. Upon 
a rapid initial rise in concentration, the TF’s level reaches a 
threshold for regulation of its own promoter and represses 
the transcriptional rate of its own gene. Thus, the concen- 
tration of the TF protein encoded by the gene locks into a 
steady-state level that is close to its repression threshold 
(Alon, 2007; Peter and Davidson, 2015). Regulation of the 
gsc gene is subject to a negative autoregulation (Yasuoka 
et al., 2014). When the network circuits of early mesendo- 
derm GRN were examined, negative autoregulation was 
found to be notably rarer compared to positive autoregula- 
tion (Charney et al., 2017a). 
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FIGURE 12.2  Subcircuit architectures in developmental gene regulatory networks. (A) Positive feedback subcircuits. (B) Coherent 
feedforward loop. (C) Spatial exclusion. Domain A will become ventral mesoderm when GRNI1 is active, which controls the expression 
of ventx2. Ventx2 represses the expression of gsc, which regulates GRN2. Domain B will become dorsal mesoderm when Gsc is active, 
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12.2.4.2. 


To understand the function of feedforward loops (FFLs), it 
is necessary to understand how the actions of gene A and B 
are integrated to regulate the activity of gene C. Two com- 
mon input functions are an AND gate, in which the presence 
of both products A and B is required, and an OR gate, in 
which binding of either A or B is sufficient to activate gene 
C (Peter and Davidson, 2015). An AND gate can be benefi- 
cial in the tight control of factor C expression, as factor C is 
only activated when both factor A and B are expressed. On 
the other hand, an OR gate enables the sustained expression 
of factor C despite the loss of the initial factor A. Much of 
the essential behavior of FFLs appears to use either an AND 
or an OR gate system. 

We investigated the types of FFLs that are utilized by 
the Xenopus mesendodermal GRN. Among 89 three-gene 
FFLs, 63 were type I coherent FFLs (Charney et al., 2017a). 
The coherent FFL network structure assumes product A 
activates product B, and the activation of product C requires 
positive inputs from both products A and B. In general, the 
coherent FFL allows a cell to respond rapidly to stimuli 
in both positive (ON) or negative (OFF) directions and/or 
regulate the temporal onset of gene expression (Mangan 
et al., 2003). In the majority of cases examined during 
early mesendoderm development (Charney et al., 2017a), 
the initial activators are frequently maternal TFs such as 
Ctnnbl, Foxhl, Smad2/3, or Vegt (gene A). These mater- 
nal factors positively stimulate the expression of early- and 
mid-blastula zygotic genes such as wnt8a, sial, sia2, mixl, 
gsc, and the nodal genes (gene B), which, in turn, activate 
the expression a larger number of later expressed mesen- 
dodermal genes (gene C) together with sustained inputs 
from Ctnnbl, Foxhl, Smad2/3, or Vegt (gene A). Thus, 
in this case, the direct, primary, activated zygotic targets 
of maternal TFs can function to maintain the expression 
of later, secondary, activated genes. Coherent FFLs offers 
an effective way to robustly regulate the temporal onset of 
genes so that sequential activation of genes can be attained. 
The prominence of the coherent FFL during mesendoderm 
formation suggests that temporal regulation of the cascade 
may be extremely important during early embryogenesis, 
where events are changing rapidly. Additionally, this sub- 
circuit can provide lineage memory to the cell: Only when 
cells first express gene A, they attain a specific cell fate 
upon expression of gene B. 


Feedforward Loop Subcircuits 


12.2.4.3. 


Repression of alternative cell fates is an important and 
general feature of development (Figure 12.2C). As cells 
differentiate, it is common for gene expression domains to 
initially have broad overlap, but then their expression pat- 
terns are gradually segregated into distinct spatial domains, 
representing different cell specification states. This is 
accomplished by silencing the expression of alternative 
GRN subcircuits. This subcircuit requires the expression of 
a gene encoding a repressor that specifically targets a key 
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molecule in an alternative GRN (Peter and Davidson, 2015). 
This can also be accomplished by two genes encoding 
transcription factors that mutually and directly repress one 
another. Typically, exclusion subcircuits are revealed exper- 
imentally when expression of the repressor is disrupted, 
leading to ectopic activation of the alternative regulatory 
state. Examples of spatial exclusion subcircuits include the 
interaction between Gsc-Hhex in specification of prechordal 
plate mesoderm and endoderm formation (Brickman et al., 
2000), and Gsc-Ventx2 (Yasuoka et al., 2014) and Gsc-Tbx2 
(Artinger et al., 1997), some of which are mutual exclusion 
interactions in dorsal and ventral mesoderm formation. 


12.3. PRESENT STATUS OF THE FIELD 


Despite past advances, all GRNs are still far from complete. 
This is in part because the past network connections pro- 
vide only limited previews of the selected interactions that 
were chosen with a priori knowledge—large-scale genomic 
data were not fully integrated into the network analysis. 
Even the most intensely studied vertebrate mesendoderm 
GRN will inevitably miss the involvement of TFs and many 
important interactions. However, with the accumulation of 
large “omics” data sets, generation of a GRN based on a 
combination of computational and genomic methods is fea- 
sible. Mechanistic GRN building requires two key pieces 
of information—native TF binding data to CRMs and the 
expression output of the gene as a consequence of TF bind- 
ing to the CRM. By integrating high-throughput omics data 
detecting these two events, it is feasible to build a genome- 
scale GRN. Specifically, RNA-seq transcriptome profiling 
studies can reveal the timing and scale of gene activation, 
and expression changes in gain- and loss-of-function experi- 
ments provide a wealth of potential regulatory connections 
between TFs and CRMs of these target genes. ChIP-seq 
identifies physical sites of TF binding, and ATAC-seq and 
DNase-seq datasets can provide information about the 
accessibility of CRMs, thus providing evidence for direct 
physical interactions. 

Recently, a new approach was reported capable of build- 
ing a Xenopus tropicalis mesendoderm GRN after integrat- 
ing over 150 transcriptomic RNA-seq and ChIP/ATAC-seq 
data sets (Jansen et al., 2022). The integration of large 
genomic datasets derived from different data types has 
generally been difficult in the past. The first challenge is 
to obtain the data themselves, which is labor intensive. The 
second is a significant difficulty of integrating different data 
types—the RNA-seq datasets, which report expression lev- 
els of transcripts/genes, and the DNA datasets which report 
genomic regions outside of the transcription units that are 
bound by TFs or are contained in open chromatin. The third 
is to find ways to interrogate the integrated data in ways that 
permit building GRNs. In order to integrate different types 
of large data sets, a type of machine learning, called a self- 
organizing map (SOM), was applied, which is a type of unsu- 
pervised neural network that also permits the visualization 
of high-dimensional data (Kohonen, 2001). A SOM assesses 
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complex relationships between many data items and groups 
them together into clusters, displayed as hexagons in the fig- 
ure, to build a two-dimensional map (Figure 12.3). 

For this work, a Xenopus RNA-based SOM was gener- 
ated after incorporating 95 transcriptomic (RNA-seq) data 
sets to identify distinct sets of related gene expression pro- 
files that co-vary across different experimental conditions 
(Figure 12.3). Each of the RNA SOM’s hexagons contains 
a cluster representing multiple genes (transcripts) that show 
similar mRNA expression behavior across diverse experi- 
mental conditions including perturbation of TF expression, 
time course data, and differential spatial expression. A 
Xenopus DNA SOM was also generated after training 63 
ChIP-seq and ATAC-seq data sets to obtain chromatin regu- 
latory information by capturing DNA segments from across 
the genome that show similar TF binding, epigenetic histone 
marks, and chromatin regions with accessible DNA. In the 
DNA SOM, DNA regulatory regions are therefore clustered 
into different hexagons, sorted according to similarities in 
TF binding behavior and/or epigenetic signatures. These 
DNA and RNA SOMs consisting of individual hexagonal 
clusters are subject to further clustering into “higher-order” 
groups of hexagonal clusters (metaclusters) that share similar 
behaviors between individual hexagonals. This continuity- 
constrained metaclustering makes the statistical analysis 
more powerful by providing a more consistent clustering 
(Kiang and Kumar, 2001). 

In order to build GRNs, a linked self-organizing map 
(inked SOM) method (Jansen et al., 2019) was applied 
that integrates the clustering of multiple SOMs by associ- 
ating the individual partitioned genomic regions within 
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the metaclusters of the DNA SOM to transcription units 
contained within the RNA SOM metaclusters. The linked 
metaclusters between DNA SOM and RNA SOM were sub- 
jected to TF binding motif enrichment searches to predict 
the involvement of candidate TFs, which then were used to 
generate genome-wide network connections. The resulting 
TF-CRM connections were then weighed based on statisti- 
cal (DNA-RNA multicluster enrichment) and other criteria 
(presence of Ep300 binding indicative of active enhancers) 
to generate a Xenopus mesendodermal GRN. An in vivo val- 
idation experiment using a limited number of reporter genes 
shows that a high percentage (>90%) of the linkages identi- 
fied were functional. This method not only identified newly 
predicted connections involved mesendoderm regulation, 
but also identified novel and in some cases unanticipated 
combinatorial interactions of TFs in mediating gene expres- 
sion within the GRN. 

An alternative approach to build GRNs is to use single 
cell (sc)RNA-seq data and base the network on cell lin- 
eage gene co-expression profiles. This approach assumes 
that genes that participate in similar biological processes 
(i.e. cell fate) will share regulatory programs, and conse- 
quently, these genes are co-expressed and regulate each 
other’s activity (Ruprecht et al., 2017). Therefore, such a 
network would be built based on correlations between gene 
expression behaviors rather than direct mechanistic regula- 
tion between TFs and target genes. Because GRNs based on 
these interaction data are non-mechanistic, as they lack solid 
evidence for direct physical interactions, it is more difficult 
to make inferences of causality. However, this approach can 
provide a general idea of which genes are participating in 
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FIGURE 12.3 Metaclusters in a self-organizing map (SOM). An RNA-based SOM was generated after incorporating multiple RNA- 
seq data sets. Each RNA SOM’s unit, displayed as hexagons, contains a cluster representing multiple genes that show similar mRNA 
expression behavior across diverse experimental conditions. Groups of hexagons are combined into metaclusters (presented in black 
lines) that share distinct sets of related gene expression profiles that co-vary across different experimental conditions. Right panels 
illustrate groups of genes that share similar temporal expression profiles in each hexagon. Unit numbers represent distinct transcripts. 
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a specific biological process and provide a framework with 
constraints for building GRNs. Xenopus tropicalis seRNA- 
seq data were recently reported describing the emergence of 
cell states across early embryogenesis (Briggs et al., 2018). 
While these scRNA-seq data are useful in identifying the 
lineages and the number of cell states appearing during 
early Xenopus development, the current data are not of high 
enough resolution to build GRNs due to the low sequencing 
depth of scRNA-seq and frequent dropouts of transcripts. 
Despite these challenges, the scRNA-seq approach will 
become an integral part of GRN building as the integra- 
tion of these data with other high-throughput data (e.g., bulk 
RNA-seq, DNA-seq) becomes easier. 


12.4. OUR CONTRIBUTION TO 
THIS FIELD—INSIGHTS 


Hans Spemann and Hilde Mangold discovered the orga- 
nizer in 1924, a tissue above the dorsal blastopore lip in 
the amphibian early gastrula that induced development of a 
secondary body axis containing a central nervous system. 
In 1991, we cloned the first gene expressed specifically in 
the organizer, which encodes Goosecoid (Gsc), a homeodo- 
main TF, and began investigating the molecular mechanism 
regulating gsc expression using a reporter gene microinjec- 
tion assay (Watabe et al., 1995; Laurent et al., 1997). The 
importance of synergistic inputs directly into gsc CRMs, 
mediated by TFs that are regulated by Tgf-B and Wnt growth 
factors, was demonstrated for Spemann organizer formation. 
Our first attempt to build a GRN controlling mesendoderm 
development was published in 2005 (Koide et al., 2005), 
and in 2017, we updated the network with new information 
(Charney et al., 2017a). While we had established the most 
comprehensive vertebrate mesendodermal GRN at the time, 
it provided only a limited view of the process due to the inher- 
ent limitations of the traditional one-gene-at-a-time approach 
used to address biological questions. To initiate systems-level 
analyses of GRN function, we adopted computational mod- 
eling and deep sequencing to infer a more comprehensive 
architecture of the mesendoderm GRN (Chiu et al., 2014; 
Charney et al., 2017b; Paraiso et al., 2019; Afouda et al., 
2020; Mukherjee et al., 2020; Jansen et al., 2022). 

Over the past several years, we have spent considerable 
energy to develop genomic resources to better understand 
GRNs in early development. We have determined the abso- 
lute amount of all known transcripts and the kinetics of their 
accumulation in X. tropicalis embryos from 1-cell to tad- 
pole (organogenesis) stages (Owens et al., 2016). We mapped 
IncRNAs that are expressed during Xenopus development 
(Forouzmand et al., 2017) and created a manually curated 
catalog of all 1240 TFs encoded by the X. tropicalis genome 
(Blitz et al., 2017). Through such analyses, we have investi- 
gated the roles of maternal TFs in mesendoderm gene acti- 
vation during zygotic genome activation. Upon examining 
the DNA binding behaviors of several critical maternal TFs 
(Fox, Sox, T-box, homeodomain, Lef/Tcf families) impor- 
tant for germ layer specification, we and others discovered 
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that these maternal TFs bind to the genome at select sites 
before any sign of gene transcription (Charney et al., 2017b; 
Paraiso et al., 2019; Gentsch et al., 2019). Furthermore, 
many of these TFs (Foxh1, Otx1, Vegt, Tef, Sox3/7) co-bind 
and form enhanceosomal complexes on endodermal CRMs 
and are responsible for the activity of super-enhancers (SEs) 
(Paraiso et al., 2019; Gentsch et al., 2019). These data sup- 
port the notion that maternal TFs act as pioneer factors, 
binding to select CRMs to pre-mark the genome in advance 
of activation of the subsequent germ layer-specific GRN. 


12.5. FUTURE DIRECTIONS AND 


IMPORTANT QUESTIONS 


The insights into regulatory functions of GRNs will uncover 
new network connections that will generate specific hypoth- 
eses on the molecular components that are identified. GRN 
building based on genomic data will provide an enormous 
number of new links between TFs and CRMs, and it is 
necessary to test the validity of the connections experi- 
mentally using high-throughput approaches. Development 
of both single- and multi-locus gene perturbation assays 
through the use of morpholinos, genome editing techniques 
such as CRISPR/Cas9 (Blitz et al., 2013; Nakayama et al., 
2013; Guo et al., 2014) and RNA cleaving Cas13 derivatives 
(Kushawah et al., 2020) will be extremely valuable in accel- 
erating the rate of validation analysis to build GRNs based 
on genomic data. 

A comprehensive understanding of the logic of GRNs 
should one day inform synthetic biology approaches, by 
which we can create or manipulate regulatory genetic circuits 
to modify cell functions. For example, by manipulating key 
nodes in a GRN, we could prevent or reverse a diseased cell 
state. Changing the identity of terminally differentiated cells 
or progenitor cells toward other cell types for regenerative 
medicine may be achieved by redesigning network circuits 
regulating the specification of cell fates. This realization can 
be also assisted by the use of CRISPR/Cas systems. Based on 
the current state of the GRN field, we do not have sufficient 
information to understand how GRNs control the diverse 
biological functions in various organisms, nor are we in the 
position to predict the changes in GRN function underlying 
human disease. However, provisional Xenopus GRNs regu- 
lating neural crest, ectodermal placodes, blood differentia- 
tion, eye, and podocyte development have also been reported 
(Seal et al., 2020, Maharana and Schlosser, 2018; Ciau-Uitz 
and Patient, 2019; Lee et al., 2014; Zuber et al., 2003; White 
et al., 2010). In the future, our current early mesendodermal 
GRN network should be expanded, refined, and linked to 
later GRNs to expand our current knowledge on the architec- 
ture of GRNs that control biology. 

Genome-wide association studies (GWAS) have been a 
useful approach to link specific genetic variations such as 
single-nucleotide polymorphisms (SNPs) with particular 
diseases. Many GWAS publications have identified disease- 
and trait-associated SNPs in the human genome, and SNPs 
mapped within transcriptional regulatory regions were 
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shown to affect the expression of linked genes (Pomerantz 
et al., 2009; Musunuru et al., 2010). This raises the possi- 
bility that SNPs within CRMs are causes of many human 
genetic diseases and phenotypic traits. Recent genome-wide 
studies examining DNase I hypersensitive sites harboring 
GWAS SNPs showed enrichment of SNPs in regulatory 
regions, supporting the involvement of cis regulatory DNA 
variations in human diseases (Maurano et al., 2012). This 
study also revealed that common variants associated with 
specific diseases (e.g., inflammation, cancer, diabetes) are 
often enriched in defined sets of TF motifs, indicating that 
cohorts of TFs form shared GRN architectures and that 
alterations in TF binding to these sites cause these diseases. 
Thus, seemingly unconnected SNPs may be associated with 
related diseases, perhaps by altering TF activity that affects 
common GRNs. In sum, we anticipate that GRN study will 
contribute broadly to understanding the etiology of human 
health and disease. 
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13.1. INTRODUCTION 


In many instances, proteins are the final product of gene 
expression and are responsible for the vast majority of bio- 
logical processes. Xenopus oocytes and embryos are excel- 
lent model systems for research questions in the fields of 
biochemistry, cell biology, and developmental biology. In all 
of these areas, the specific functions and biochemical proper- 
ties of hundreds of proteins have been characterized in detail. 
However, our knowledge of complex cellular processes such 
as the mitotic spindle, nuclear localization, and gastrulation, 
among so many others, are now at the stage where to make 
progress, we need to understand endogenous and perturbed 
phenotypes and phenomena at the level of thousands of 
proteins simultaneously to parse the intricacies of a biological 
system. The amino acid sequence and cellular expression 
of a specific protein do not solely determine its function: a 
protein’s function is often regulated by differential post- 
translational modification, by proteolytic cleavage, and/or by 
chemical modification (e.g. phosphorylation, acetylation, or 
glycosylation) and its subcellular and temporal localization 
within the cell. Despite the widely acknowledged importance 
of these contextual properties of proteins for cell function and 
embryogenesis, the methodologies to study thousands of pro- 
teins and their modifications simultaneously currently suffer 
from experimental accessibility and depth of coverage com- 
pared to transcriptomics approaches. As a result, the biologi- 
cal knowledge resulting from the application of proteomics to 
Xenopus biology is limited, and the systemic vision of how 
omics-scale measurement of protein can expand biological 
knowledge is largely missing. In addition to highlighting the 
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advances that have been made in this field, this chapter also 
seeks to (1) educate the reader about proteomics, (2) empha- 
size the strengths and weaknesses of the Xenopus system with 
regard to proteomics, and (3) provide ideas for the future. 
Throughout this chapter, “proteomics” is taken to mean mass 
spectrometry (MS)-based proteomics unless stated otherwise. 
In this chapter we will focus on bottom-up tandem mass 
spectrometry-based proteomics in Xenopus research. Briefly, 
proteins are digested into peptides, and these peptides are 
ionized and sprayed into a mass spectrometer. The peptides 
have specific properties based on their mass and ionic charge. 
Peptides are measured first in their intact state (MS1) and 
then again after they are fragmented (MS/MS). The amino 
acid sequences of the peptide are then determined by com- 
paring the mass spectrometer measurements and a reference 
sequence database of theoretical peptides. These peptide 
measurements are then summarized into protein measure- 
ments. These steps only result in identification. How are 
differences in protein concentrations/modifications under 
experimental and control conditions quantified? Analogous 
to “barcodes” in sequencing, digested peptides from differ- 
ent samples can be covalently labeled with various chemical 
groups with identical masses that vary in terms of distribu- 
tion of heavy isotopes around their structure, that is, isobaric 
reporters. All of these reporters have the same mass before 
the peptides are fragmented, but after fragmentation, the 
masses are different. In this way, it can be determined what 
fraction of the signal is attributable to different conditions for 
a given peptide. The most common isobaric labeling reagents 
are ¡TRAQ and TMT MS-3. More recently, promising TMT- 
C+ technology has been developed (Sonnett et al., 2018a). 
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What is so challenging about this technology? The first 
issue is that large amounts of protein material are required. 
This is because there is currently no way to amplify pro- 
teins (analogous to reverse transcription PCR followed by 
deep sequencing for RNA quantification, i.e., RNAseq) and 
because the sample preparation, and especially ionization, 
results in material loss. In this case, the Xenopus model sys- 
tem, and in particular X. laevis, is an ideal model since a 
single egg or embryo contains -25 ug of non-yolk protein 
(Gurdon et al., 1986). A single egg is sufficient for shallow 
protein measurement, and hundreds more sibling embryos 
can easily be collected from a single clutch, which is more 
than sufficient for deeper measurement. Starting material 
amount is even more of a concern when measuring post- 
translational modifications. This is because an enrichment 
step has to be done to study posttranslational modifications 
since even the most abundant modification, phosphoryla- 
tion, is present only in about 1% of peptides (Peuchen et al., 
2016; Peuchen et al., 2017; Presler et al., 2017). The second 
challenge is depth of measurement. Unlike RNAseq, tan- 
dem mass spectrometry is not a parallelized measurement; 
the measurement of each peptide comes at the expense of 
an unmeasured one. Usually, the most abundant peptides 
are measured. Fortunately, egg/embryo lysis conditions 
that effectively remove abundant yolk proteins have been 
developed (Gupta et al., 2018; Wiihr et al., 2014), which 
has made mass spectrometry-based proteomics possible 
in Xenopus. Measuring more deeply requires more instru- 
ment time, which means higher cost per experiment. A third 
challenge is the bioinformatics. In nucleotide sequencing, 
a priori knowledge of the genome or transcriptome is not 
needed to obtain nucleotide reads. In contrast, protein mass 
spectrometry measures the mass and charge of peptides and 
peptide fragments. The measurements that result from intact 
and fragmented peptides are matched to a set of theoretical 
digested peptides from a database of protein references. This 
means that having an accurate reference database is critical 
to identify and then measure a specific peptide. To make 
matters worse, mere completeness of the reference database 
is not sufficient; inclusion of artifact sequences (that could 
never be observed in vivo) actually hampers identification 
of other peptides. 

There are other non-technical reasons successful applica- 
tion of mass spectrometry to perform quantitative proteomics 
in Xenopus has materialized only recently. Proteomics 
by mass spectrometry is lagging behind transcriptomics, 
which has been made routine mostly by the availability of 
Illumina sequencing machines and standardized protocols 
and standard operating procedures throughout industrial 
and academic sequencing facilities. The best MS instru- 
ments produced by Thermo-Fisher are expensive and are 
impossible for a non-specialist to use. When modern MS 
instruments are available via a “fee-for-service” model at 
facility cores, both the pre- and post-instrument processing 
pipelines are tailored to human and mouse samples. Perhaps 
most importantly, the bioinformatics support for proteomics 
in non-model organisms is lacking. Given this situation, it is 


Xenopus 


not surprising that successful applications of mass spectrom- 
etry proteomics in Xenopus so far have resulted from close 
collaborations between Xenopus experts and MS specialists. 
A few notable examples of such collaborations are the labs 
of Moody with Nemes (Lombard-Banek et al., 2016; Onjiko 
et al., 2015), Huber with Dovichi (Peuchen et al., 2017; 
Sun et al., 2016), Kirschner with Gygi (Wiihr et al., 2014; 
Peshkin et al., 2015), Veenstra with Vermeulen (Lindeboom 
et al., 2019; Smits et al., 2014), and Klein with Garcia (Saha- 
Shah et al., 2019). Very few laboratories have the expertise 
in both advanced mass spectrometry and Xenopus methods, 
with the one notable exception being Martin Wiihr’s lab at 
Princeton (Gupta et al., 2018; Sonnett et al., 2018a, Sonnett 
et al., 2018b). 

One key milestone on the way towards Xenopus mass 
spectrometry proteomics was sequencing the genomes of 
both Xenopus species actively used in research—xX. lae- 
vis and X. tropicalis (Hellsten et al., 2010; Session et al., 
2016)—which naturally benefits systems-level analysis at 
the genome, RNA, and protein levels. Being able to attribute 
spectra to peptides relies on the availability of a complete 
and accurate list of protein sequences, for which a complete 
genome with a high-quality set of gene models is the key. 
At the point of being released, the genome quality is judged 
by various metrics of the DNA sequence itself, not so much 
the quality of gene models. Notably, proteomics studies feed 
back to the gene model quality by providing an accurate cat- 
alogue of detected peptides and respective proteins that can 
be used to validate and adjust the intron-exon-UTR annota- 
tion of gene structures. Both the X. laevis and X. tropicalis 
genomes have undergone many iterations of genome assem- 
bly and even more of refining the gene models. X. laevis 
is an allotetraploid species, whereas X. tropicalis is a true 
diploid. Unsurprisingly, given their respective complexity, 
the annotation of the X. tropicalis genome (~24K gene mod- 
els) is currently in a much better state than that of X. laevis 
(~44K gene models), which presents a challenge when com- 
paring the number of distinct proteins characterized across 
different studies. 


13.2. THE DATABASE 


For the methods described in this perspective, one can only 
detect a protein of a pre-defined sequence, and thus the 
spectra must be matched against a set of potential peptide 
sequences. Thus, having a sound and complete reference 
set of sequences (sometimes referred to as “the database” 
in the field) is particularly important. The reason for sound- 
ness deserves a special explanation, since one might expect 
that mixing in arbitrary sequences (e.g. sea urchin, since sea 
urchin peptide material is never observed in Xenopus sam- 
ples) with Xenopus ones would be benign. However, such 
nonsense sequences affect the peptide-to-spectra matching 
algorithms by producing spuriously matched peptides, and 
at a given false discovery rate (FDR), fewer real proteins will 
remain. Having identical or similar sequences (from allo- 
alleles or highly conserved protein families such as histones) 
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is also detrimental to the search outcomes. Currently, 
there are multiple disjoint sources of protein sequences in 
Xenopus, which we list in Table 13.1. These databases are 
largely but not entirely mutually redundant. One of the out- 
standing challenges for the field is to arrive at a single gold 
standard set of sequences to be used across studies. Selecting 
such a set has not been accomplished even in more common 
model species so far, and for a good reason. The genome- 
based sequences are likely to provide “phantom” sequences 
due to imperfect gene models and missing sequences due to 
unidentified splice variants. The federated collections such 
as UniProt will have curated a high-quality set of sequences, 
but it is bound to be incomplete. Presence of allo-alleles in 
X. laevis presents a separate challenge since allele-specific 
expression might be of interest. As an alternative to all these, 
we took a genome-free approach in which we compiled a 
set of all transcripts detected in X. laevis and used coding 
frame-aware translation to predict expressed proteins (Wiihr 
et al., 2014). 

There are several groups of sequences that warrant spe- 
cial consideration when selecting and/or compiling a set of 
reference sequences, provided in the following in a list that 
is by no means complete: 


e Genes which are simply missing in the genomic 
sequence because the DNA sequencing pipeline is 
imperfect. Until genome assembly improves, this 
issue will remain problematic. 

e Genes which are in the current genome assembly 
scaffolds but are missed by gene modeling and thus 
are missing from the set of predicted mRNAs and 
proteins. This issue might be rectified in the next 
release of the genome assembly. If you are aware 
of such a gene/protein, just add its sequence to the 
database before you search against it. 

e Proteins that undergo atypical post-translational 
sequence editing (not covalent addition of a cer- 
tain functional group like phosphorylation), such as 
amino acid sequence cleavage on the way to a mature 
protein, for example, signaling peptides or protea- 
somally processed immuno-peptides. Translating 
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cDNA in these cases does not predict the correct 
protein sequence. Currently, in these cases, the cor- 
rect protein or peptide sequence needs to be added 
to the database. 

e Selenoproteins—a few dozen proteins (e.g. sele- 
noproteins S, K, N, O, and I) use a non-canonical 
amino acid—“selenocysteine’”—coded for by one 
of three stop codons, and this peculiarity of con- 
text-dependent genetic code is seldom taken into 
account when gene models are built. Usually, this 
imperfection results in a premature termination of 
a reference sequence, which is thus missing a por- 
tion of the actual sequence. 

e There are 13 abundant and functionally important 
proteins encoded by mitochondrial DNA which are 
not part of nuclear genome-derived gene models 
and should always be appended to a database. 


13.3. NOMENCLATURE AND GENE SYMBOLS 


Accurate detection of proteins is the necessary first step, but 
biological interpretation of the observations requires biologi- 
cal knowledge of the proteins. For high-dimensional data, 
often the first analysis is to look for enrichment of different 
pathways, cell locations, or protein functions. In order to do 
this, gene symbol annotation is necessary. Systems biology 
rationalizes the organization of biological function at the 
level of gene sets such as molecular pathways or protein com- 
plexes. Such sets are mainly defined and studied using human 
cells and human gene nomenclature. Sequences in other 
species are traditionally named using homology to already 
named sequences with the assumption that sequence homol- 
ogy often implies functional homology. When gene models 
are released with a genome, the assigned gene symbols take 
into account species- and field-specific context. For exam- 
ple, a gene identified as Xelaev18018806m at the release of 
X. laevis genome v1.8 is assigned the symbol nodal5.3.L, which 
reflects the Xenopus-specific nodal gene family expansion. 
However, what matters for gene set analysis is that this gene 
is best matched by the human splQ96S42INODAL_HUMAN 


TABLE 13.1 


A List of Available Resources to Obtain a Reference Set of Protein Sequences for Peptide-Spectra Matching of 


X. laevis Data 


Source Description Source URL Size Remarks and Criticism 
Genome-derived Based on gene models http://ftp.xenbase.org/pub/ 45K segs Only as complete and accurate as gene 
Genomics/JGI/ 21 Mb models are 
“Phrog” RNA-seq derived https://scholar.princeton.edu/ 80K seqs Redundant, wildcards in sequences 
(Wiihr et al., 2014) wuehr/sample_prep 30.5 Mb 

UniProt Mostly uncurated, assembled www.uniprot.org/uniprot/?query= 61K seqs Severely incomplete and redundant, only 
from misc. organism%3A%22XENLA 23 Mb 5K reviewed 

Marcotte Lab Compiled from miscellaneous https://github.com/marcottelab/ 25 K seqs Contains allo-alleles fused into a single 
sources, then curated pivo 18 Mb sequence from non-redundant peptides 
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and thus maps into the symbol “nodal.” When the pipeline 
for such reciprocal BLAST-based gene symbol assignment 
was developed and applied to X. laevis (Savova et al., 2017), 
17,000 unique human gene symbols matched. Not surpris- 
ingly, in X. tropicalis, which has a smaller genome size but 
no allo-alleles (allo-alleles are essentially redundant in terms 
of genome complexity as assayed by homology to human), 
the set of gene models match a similar number of human 
gene symbols as for X. laevis. 

Even though the Xenopus genome assemblies are in rela- 
tively good shape, much remains to be done in terms of gene 
annotation and cataloging of expressed protein forms. A 
hybrid approach to generating a complete non-redundant set 
of reference protein sequences that combines genome-based 
and genome-free (nRNA-based) methods is an unresolved 
problem. Methods such as ribosome profiling (RIBO-seq) 
or ribosome nascent chain sequencing (RNC-seq) could be 
used to identify the set of mRNAs that are actually associ- 
ated with ribosomes and thereby being translated (Savova 
et al., 2017; Zhao et al., 2019) and to identify current un- 
annotated protein coding regions (Verbruggen et al., 2019). 


13.4. PROTEOMICS AND CELL BIOLOGY 


Xenopus laevis is an important model for studies of cell 
biology and, as reported in other chapters in this book, has 
been used extensively to understand the cellular regulation 
of mitosis, DNA replication, transcription and translation, 
RNA and protein localization, and embryogenesis, among 
many other processes. Recent advances in proteomics have 
enriched our understanding of several cellular processes, 
and a few are summarized here. 

One elegant study took advantage of the fact that not only is 
the Xenopus stage VI oocyte a very large cell, but the nucleus 
(germinal vesicle) is also very large. Wiihr et al. removed the 
germinal vesicle from the oocyte with forceps and measured 
the distribution of the proteome between the nucleus and the 
cytoplasm (2015). We found that protein localization can be 
mostly explained by empirical measurement of native pro- 
tein size; the majority of large proteins are found exclusively 
in either the nucleus or the cytoplasm, and smaller proteins 
are found equally distributed between the two. This measure- 
ment of native protein size was only possible because of the 
ability to make undiluted cell lysates from crushed oocytes. 
Molecular weight determined by polypeptide length did not 
predict localization well, which is evidence that many pro- 
teins natively exist in complexes. In addition to providing 
insights into the properties of proteins in undiluted cyto- 
plasm, this work produced an important resource for nuclear 
versus cytoplasmic localization of proteins. 

Presler et al. used egg activation as a model of the first 
20 minutes following release from meiotic metaphase arrest 
(2017). We detected very few previously unknown degrada- 
tion events and no examples of protein synthesis. Instead, 
we found that expulsion of proteins from the eggs, assumed 
to occur via fusion of cortical granules with the cell mem- 
brane, constitutes the largest change to protein level during 
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this period. We were able to compare these changes in abso- 
lute concentration amounts because of our previous work 
determining the concentration of proteins in the egg (Wiihr 
et al., 2014). This is an example of using proteomics to reex- 
amine bulk biochemical measurements of the egg and early 
embryo with the genomics-era ability to identify and clas- 
sify the proteins that constitute these changes. 

Affinity purification is another proteomics strategy that 
has been used by the Xenopus community. Lee et al. used 
dissected animal caps to identify novel binding partners of 
inner and outer dynein arm subunits in liquid-like organelles 
(Dynein Axonemal Particles or DynAPs) before their assem- 
bly into cilia (2020). Identification of novel protein localiza- 
tion in DynAPs explained why certain proteins that are not 
found in motile cilia themselves can still give rise to ciliopa- 
thies when they are mutated. Drew et al. used the same ani- 
mal cap system, and a methodology termed DIF-FRAC, to 
identify RNA-binding proteins in epidermal tissues at the 
time point when motile cilia have formed (2020). They found 
evidence that there is RNA associated with DynAPs which is 
consistent with reports of RNA in other cytoplasmic liquid- 
like organelles. These two papers exemplify taking advan- 
tage of the strengths of the Xenopus simple explant system to 
enrich for the cellular complexes or tissue of interest. Animal 
cap explants can be differentiated into many different tissue 
types, and this is a way to overcome the challenges of tissue 
type heterogeneity of the embryo while also using a verte- 
brate animal system (Chang, 2016). 


13.5. X. LAEVIS VERSUS X. TROPICALIS 


Currently, MS-based proteomics in Xenopus is almost 
entirely done in X. laevis and not X. tropicalis, likely due 
to the preponderance of laboratories that use X. laevis for 
their other experimental approaches. Although X. tropicalis 
animals are smaller (oocytes are only half size in diameter), 
they have many advantages for proteomics: their develop- 
ment is faster, so reaching more advanced developmental 
points is easier; there are many transgenic strains available; 
and CRISPR-based genome editing works well (Nakayama 
et al., 2014; Naert et al., 2020; Horb et al., 2021). The simplic- 
ity of the genome makes bioinformatics easier and should 
result in the measurement of more functionally distinct pro- 
teins and post-translational modifications. This is because 
not all present peptides can be measured, and the presence 
of allo-alleles increases the fraction of redundant peptides; 
thus, spectra matching is more complex in X. laevis for the 
same level of sample biological complexity. Additionally, 
owing to being a true diploid, the complexity of the protein 
and peptide mixture is simpler in X. tropicalis than in X. lae- 
vis, which improves the efficiency in both the sample work- 
flow (labeling, fractionation) and the bioinformatics. Being 
diploid also means that the genome assembly and annotation 
is at a more advanced state in X. tropicalis, so interpretation 
of the results is also more robust. In our experiments (unpub- 
lished), we see 40% of collected X. tropicalis spectra suc- 
cessfully matched to a sequence, in contrast with X. laevis, 
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in which spectral matching rates are typically under 25%. 
Finally, the first edition of the Single Cell Atlas covering 
transcriptomic profiles of 200+ differentiated states over ten 
developmental stages has been done in X. tropicalis (Briggs 
et al., 2018) and could be cross-referenced more easily with 
proteomics data from X. tropicalis for interpretation of pro- 
teomics outcomes. 


13.6. DEVELOPMENTAL ATLAS OF 
PROTEIN EXPRESSION 


Over the past several years, we have completed several proj- 
ects in Xenopus proteomics which resulted in resources for 
the Xenopus community made available through Xenbase 
(Karimi et al., 2018). Figure 13.1 illustrates the workflow and 
resulting data: whole embryos of X. laevis were collected at 
multiple developmental stages in order to characterize the 
proteins used in normal development. In the most recent 
project (Peshkin et al., 2019a), we profiled stages spanning 
early development from mature oocyte and unfertilized egg 
(NF-0) through blastula (NF-9), gastrula (NF-12), neurula 
(NF 17-24), and tailbud (NF-30) (Nieuwkoop et al., 1994). 
The last time point (NF-42) is taken long after the heartbeat 
has started and the tadpole has hatched and most of the car- 
diovascular and digestive (liver, pancreas) system has been 
established. Our processing pipeline for quantitatively mea- 
suring levels of protein is as previously described (Peshkin 
et al., 2015; Gupta et al., 2018). Proteins were digested into 
peptides, and the change of abundance was measured by iso- 
baric labeling, followed by MultiNotch MS3 analysis (Wühr 
et al., 2015); absolute protein abundance was estimated via 
MSI ion-current (Wühr et al., 2014). Protein abundance 
levels were measured at ten key stages (stage VI oocyte, 
egg = NFO, 9, 12, 17, 22, 24, 26, 30, 42). Our primary dataset 
consists of 14,940 protein profiles. We collected and profiled 
the data in three independent biological replicates and, for 
the purposes of presenting the data at the gene-centric pages 
of Xenbase, combined all information using our “BACIQ” 
pipeline (Peshkin et al., 2019b), which produces the most 
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likely patterns of relative protein abundance and 90% confi- 
dence intervals for these, as shown. 

The confidence intervals narrow as more peptides are 
measured as long as the respective peptide changes are 
concordant. Additionally, peptides measured with a higher 
signal provide more confidence compared to low-signal 
peptides. It is possible, as illustrated in Figure 13.1B, to 
have higher confidence in one part of the interval and lower 
in another because peptide measurements have better agree- 
ment in one part of the trajectory. Having confidence inter- 
vals in addition to the average dynamics pattern provides 
for a more accurate interpretation in the context of embry- 
onic development. 

An interesting question is: How do protein and mRNA 
dynamics relate to one another? A master equation for a 
protein’s abundance would imply its accumulation to be 
proportional to the respective mRNA concentration minus 
the protein loss, which is proportional to the protein abun- 
dance but independent of mRNA concentrations (Peshkin 
et al., 2015; Peshkin et al., 2019a). Many proteins that we 
measured in the embryo follow this functional relation, 
though the first order rate constants for synthesis, and the 
zero order rate constants of course differ for each protein 
(Peshkin et al., 2015). Figure 13.1C represents three discor- 
dant cases in which the levels of protein do not follow this 
simple pattern. This figure shows the accumulation of two 
homeologues of disulfide isomerases: anterior gradient 2 
(agr2) and arginase I (agr1). Agr2 is particularly important 
for mucin secretion in the Xenopus cement gland, where it 
was first discovered. agr2 mRNA and its protein are rap- 
idly synthesized after stage 17 at the time of the appearance 
of the cement gland and stop accumulating as the cement 
gland is fully formed. Sometime after stage 17, the mRNA 
levels decrease steadily as the protein increases slightly, a 
result counter to our expectation that protein dynamics can 
be explained by mRNA dynamics alone. Then, the mRNA 
levels drop to 10% of their maximal level, whereas protein 
levels continue to increase, a second discrepancy. The pro- 
tein data are of high confidence and are virtually the same 
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(A) schematic of the workflow—developmental stages of normally developing X. laevis embryos are compared to one 


another via a quantitative proteomics pipeline to reveal relative protein changes. (B) Protein expression encoded by three developmen- 
tally important genes (sfrp2, sox3, and pou3f3) with respective confidence intervals. The number in parentheses after the gene symbol 
indicates the number of peptides. (C) Examples of protein dynamics not readily explained by respective changes in mRNA expression, 


which is superimposed via dotted lines. 
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for the two isoforms, and the pattern is also very similar 
for Argl. Arginase catalyzes the hydrolysis of arginine to 
ornithine and urea. This kind of discrepancy was anticipated 
by the many early studies postulating translational control, 
in which stored mRNA is regulated post-transcriptionally. 
Now this phenomenon can be studied on a case-by-case 
basis with this genome-wide dataset. What is perhaps most 
striking about mRNA-protein discordance is that it is rela- 
tively rare even in this comprehensive data set. 


13.7. POST-TRANSLATIONAL MODIFICATIONS 


Since many processes in biology are controlled by post-trans- 
lational protein modification, quantitative measurement of 
post-translational modifications is perhaps the most impor- 
tant contribution that mass spectrometry-based proteomics 
can make. Widely used RNA-sequencing methods do not 
inform at all on the post-translational status of proteins. The 
strengths of Xenopus as a system are particularly well suited 
to studies of post-translational modifications. As mentioned 
earlier, deep quantitative measurement of any post-transla- 
tional modification requires an experimental enrichment for 
peptides that are post-translationally modified. This means 
that the requirement for starting material is at least ten times 
higher for studies of post-translational modifications than for 
studies of the underlying protein levels. The ability to col- 
lect hundreds or even thousands of embryos from the same 
clutch, to experimentally manipulate hundreds of embryos 
by injection, and the size of Xenopus eggs and embryos 
mean this requirement for material is achievable. 

The first study of post-translational modifications with 
mass spectrometry in Xenopus was a non-quantitative study 
cataloging phosphorylation sites on proteins in four early 
developmental stages up to the stage 10.5 gastrula (McGivern 
et al., 2009), where both conserved and novel phosphoryla- 
tion sites were catalogued on hundreds of proteins. The first 
quantitative time series measurement of phosphorylation and 
acetylation reported on dynamics of only a few dozen changes 
(Peshkin et al., 2015) across early embryogenesis, gastrula- 
tion, and neurulation. The number of profiled peptides was 
quite small because they were measured without enrichment 
and reflected modifications of such abundant proteins as gly- 
colytic enzymes and histones. Two groups measured phos- 
phorylation with replicates and phosphopeptide enrichment 
during very early development: one measured ~3500 phos- 
phorylated sites across the 20 minutes following fertilization 
and estimated absolute occupancy—the fraction of a protein 
with a specific modified residue—for ~500 phosphorylations 
(Presler et al., 2017); another measured ~9000 relative phos- 
phorylated sites across the stage VI oocyte through the first 
cleavage (Peuchen et al., 2016; Peuchen et al., 2017). Both 
groups obtained evidence for decreasing proline directed 
phosphorylation following fertilization. Presler et al. addi- 
tionally reported ubiquitinated peptides, and Qu et al. mea- 
sured the de-N-glycoproteome of the egg and the stage 41 
tadpole (Qu et al., 2020). 


Xenopus 


Presler et al. also reported a novel method for estimat- 
ing the occupancy of post-translational modifications with 
confidence intervals (2017). The method combined previ- 
ous approaches that only (1) took advantage of the inher- 
ent reciprocal relationship between the dynamics of the 
non-phosphorylated version of the phospho-peptide and 
the phosphorylated version in cases where phosphorylation 
levels change between conditions/timepoints (Olsen et al., 
2010) or (2) used phosphatase treatment to artificially induce 
changes in the phosphorylated version of a phospho-peptide 
(Lim et al., 2017) into one method that was applicable for 
multiplexed experiments. It also took advantage of a system 
of equations that describes the relationships between phos- 
phorylated and non-phosphorylated dynamics to report con- 
fidence intervals on the estimation of occupancy. Knowing 
the absolute amount of change in a modification for a pro- 
tein either across development or downstream of a pertur- 
bation is much more useful for interpretation than having 
relative changes only. This is because a five-fold relative 
change could actually be an increase from 0.2% to 1% occu- 
pancy, whereas a two-fold relative change could actually be 
an increase from 45% to 90%. Importantly, since estimat- 
ing occupancy for a significant number of phosphorylation 
events with confidence requires artificially inducing changes 
with phosphatase treatment, occupancy estimation needs to 
be considered in the initial experimental design. 

There is extensive unrealized potential for the intersec- 
tion of the Xenopus system and post-translational modifica- 
tions measured by mass spectrometry. The published studies 
have utilized the strengths of natural cell cycle arrests of 
the stage 6 oocyte and egg for measuring the endogenous 
dynamics, but no study to date has included cell cycle 
perturbations. The stage 6 oocyte with its low amount of 
mitotic phosphorylation could be used to study low-occu- 
pancy phosphorylation events that are often unmeasured 
at the expense of high-occupancy cell cycle phosphoryla- 
tions. Phosphorylation, acetylation, methylation, and ubiq- 
uitination have never been quantitatively measured after the 
first division. Studies in cell culture models have measured 
extensive phosphorylation of proteins involved in regulation 
of gene expression (Rigbolt et al., 2011). The importance 
of regulated gene expression in development is well under- 
stood, but the importance of phosphorylation for the func- 
tion and regulation of protein expression is less well studied. 
Many proteins that do not change in level during develop- 
ment could be regulated by phosphorylation, which makes 
this an important next area of investigation in Xenopus. 


13.8. SINGLE-CELL PROTEOMICS 


Several years ago, our group developed a high-throughput 
droplet-microfluidic approach for barcoding the RNA from 
individual cells for subsequent analysis by next-generation 
sequencing: an inDrop platform that encapsulates cells 
into droplets with a lysis buffer, reverse transcription (RT) 
reagents, and barcoded oligonucleotide primers (Klein et al., 
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2015). This platform has been widely adopted, enabling 
fundamental discoveries and new insight across many dis- 
ciplines in biomedicine. We later applied this platform to 
profiling ten early developmental stages that provided a new 
view of development and differentiation of over 200 cell 
types in early Xenopus embryo (Briggs et al., 2018)—work 
which was recognized along with zebrafish counterparts 
as the Science Magazine Breakthrough of 2018 (Harland, 
2018; Pennisi, 2018). Yet, as revealing as mRNA expression 
profiles might be, they do not fully capture and sometimes 
are strongly discordant with the protein expression, as we 
(Peshkin et al., 2015) and others (Smits et al., 2014) have 
shown. It is particularly relevant in the early embryo in 
which a maternal protein dowry has been synthesized in the 
mother and endocytosed by oocytes; as a result, many pro- 
teins might have no trace of the respective mRNA expres- 
sion in cells resulting from progressive oocyte cleavages 
(Peshkin et al., 2015; Sonnett et al., 2018b). Therefore, it 
would be very attractive to profile protein expression at the 
single-cell level. A critical barrier on this path is the absence 
of reverse translation biochemistry. While a molecule of 
mRNA can be reverse-transcribed into cDNA and then 
amplified exponentially for detection and quantitation, there 
has so far been no discovery of a counterpart reaction for 
proteins, despite some intriguing proposed methods (Cook 
et al., 1977; Martin, 2006; Nashimoto, 2001). Attempts are 
being made to work directly with miniscule material quanti- 
ties available from a single cell by reducing the loss of pro- 
tein during sample preparation steps, but these show very 
few reproducibly measurable proteins and a limited dynamic 
range (Cheung et al., 2020). Xenopus offers a way out of this 
dilemma by providing large single cells. Technically speak- 
ing, single-cell proteomics in Xenopus begins with an egg 
(Smits et al., 2014; Lindeboom et al., 2019), since a 1.43-mm- 
diameter oocyte of X. laevis (Leibovich et al., 2020) is in 
fact a single cell. After a few initial divisions, blastomeres 
are still large—recently an effort has been made to exam- 
ine individual blastomeres in early embryos and character- 
ize lineage-specific protein deposit. The Nemes and Moody 
labs profiled single blastomeres with mass spectrometry 
and were able to quantify ~400 proteins of individual cells 
in the 16-cell stage (Onjiko et al., 2015; Lombard-Banek 
et al., 2016). First, they were able to minimize derivatiza- 
tion steps to enhance analytical sensitivity and use label-free 
quantification (Lombard-Banek et al., 2016) to obtain a low 
limit of detection and quantification for proteins in com- 
plex cell digests. Separately, both the Nemes and Moody 
(Onjiko et al., 2015) and Klein and Garcia (Saha-Shah et al., 
2019) groups used pulled glass pipettes to capture material 
from specific blastomere cells, and animal-vegetal differ- 
ences have been reproducibly measured. The Dovichi lab 
has also compared the protein expression among different 
blastomeres and observed that the blastomere-to-blastomere 
heterogeneity in 8-, 16-, 32-, and 50-cell embryos increases 
with development stage (Sun et al., 2016), reflecting progres- 
sive cellular differentiation. 
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13.9. DISCUSSION AND FUTURE DIRECTIONS 


In this chapter, we discussed the successes of mass spectrometry- 
based proteomics in Xenopus, including methodology—sample 
preparation and bioinformatics analysis—and biological 
findings. It has been recognized for decades that Xenopus 
complements the more commonly used mouse and zebrafish 
animal models in the study of human biology and disease. 
Xenopus is particularly attractive for proteomics studies due 
to the ease of obtaining large amounts of protein without 
artificial perturbations needed, for example, synchronization 
of cells (with regard to cell cycle) or embryos (with regard 
to fertilization). While even a single egg or an early embryo 
in X. laevis contains sufficient amounts of non-yolk protein 
for some measurements of relative and absolute (Smits et al., 
2014) protein abundance, ten embryos provide a protein 
amount sufficient for most protein measurements. Over 1000 
sibling embryos can be obtained from a single clutch, and an 
in-vitro fertilization can be done with near-perfect (within 
one minute) synchrony. 

This brief chapter could not exhaustively cover every 
aspect of Xenopus proteomics, and we encourage the reader 
to follow through other recent method reviews (Gupta et al., 
2018; Sonnett et al., 2018b; Gilchrist et al., 2020). The field of 
Xenopus proteomics is in its infancy, and we have many rea- 
sons to expect great advances in developmental and cellular 
biology from bringing together the strengths of Xenopus as 
a system with advances in mass spectrometric instrumenta- 
tion, biochemistry, machine learning, and analytics. The key 
component that will enable these advances is bioinformatics. 
This is true both for making existing methods more acces- 
sible to scientists without advanced computational skills and 
for creating new approaches to analysis of the data. Hosting a 
proteomic processing pipeline at Xenbase could go a long way 
to achieving this by maintaining the most complete and cur- 
rent set of reference proteins, using the optimal set of param- 
eters for the spectra searches, and facilitating the archival and 
interactive access to the resulting datasets; it would also be 
beneficial for ongoing refinement of gene models. 

We can anticipate some of the developments in the field. 
The push for single-cell proteomics will inevitably come 
full circle—having studied the repertoire of cell types and 
distilled abundant and specific cell type markers, we will 
develop ways to enrich single cells of a given type from 
dissociated embryos to extract enough material for cell- 
type-focused deep proteomics. In addition, we can expect 
the single-cell mRNA sequencing data for both Xenopus 
species to improve, which will allow for a more thorough 
classification of spatial expression across development that 
can then be used to deconvolve bulk protein data. It will 
be useful to not only increase our catalogue of cell type 
specific mRNAs but also have more certainty about which 
mRNAs—and potentially proteins—are expressed in all 
embryonic cell types. 

As CRISPR knock-ins become commonplace in Xenopus, 
constructs for lineage tracing and controllable gene regulatory 
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networks will create more opportunities for proteomic studies. 
We can imagine that in the same way that RNA-sequencing 
studies of phenotypes resulting from perturbations are now 
commonplace (Kjolby et al., 2017), soon so will be multi- 
plexed proteomics studies of control and perturbed embryos, 
perhaps at multiple developmental stages. Not much has been 
accomplished to date in the way of proteomic measurements 
of the adult frogs, but embryological studies would greatly 
benefit from the tissue protein expression atlas in Xenopus, 
which is sure to both confirm widespread gene functional 
homology but also bring surprises with regard to the tissue 
expression differences across species. To date, Xenopus has 
not been considered a model organism for aging research, 
even though some research into reproductive system aging in 
Xenopus has been done (Brocas et al., 1961; Kara, 1994). It is 
not clear what the lifespan is or whether Xenopus undergoes 
considerable senescence, and thus a proteomic study of aging 
tissues presents an attractive direction. 

The 2012 Nobel Prize in Physiology or Medicine was 
awarded to Sir John Gurdon for his work on nuclear trans- 
fer and reprogramming in Xenopus, which he chose for the 
ease of injection of somatic nuclei into oocytes. This well- 
established system presents another unfulfilled opportunity 
for deep quantitative proteomic characterization. 
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14.1. GENERATION OF TRANSGENIC XENOPUS genome following its microinjection into fertilized eggs with 
successful transmission through the male germline (Etkin 
14.1.1. BEGINNINGS 


Transgenic animals carry exogenous DNA integrated into 
their genome and can be designed to fulfill diverse experimen- 
tal objectives, from using fluorescent proteins to label specific 
cells/tissues or to observe activity of signaling pathways to using 
dominant-negative and constitutively active mutants to disrupt 
gene activity. Prior to the development of stable transgenic lines, 
experiments to track or disrupt gene function were carried out 
via microinjection of RNA, DNA, morpholino oligonucleotides, 
or antibodies and through treatments with small molecules, but 
these all have related limitations. The mosaic distribution and 
progressive dilution with every cell division of microinjected 
reagents typically limits their use to the study of genes involved 
in early development (Amaya, 2005). Although small molecule 
treatments can be applied at any stage of development, care must 
be taken that the molecules used are specific to the genes being 
disrupted and that the phenotypes observed are not due to a dis- 
ruption of a broader range of targets than intended (Vogt et al., 
2011). These experimental limitations can be circumvented 
using transgenics. The current transgenic toolset available to 
Xenopus researchers permits efficient generation of stable, non- 
mosaic animal lines and inclusion of elements for temporal con- 
trol of transgene activity. These allow their use through all stages 
of development and make possible the design of transgenic lines 
able to disrupt gene activity in a highly specific manner. 

It has been over three decades since the initial reports that 
exogenous plasmid DNA was integrated into the Xenopus 
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and Pearman, 1987; Etkin and Roberts, 1983; Rusconi and 
Schaffner, 1981). However, microinjection of linearized 
plasmid DNA is not a practical approach for generation of 
stable transgenic lines; it is highly inefficient, with only 1% 
of injected FO animals showing mosaic integration of the 
foreign DNA into their germlines (Yergeau et al., 2010). 
Innovation has followed three distinct ways to improve the 
transgenic methodologies in Xenopus: first, development of 
alternative approaches to make genomic integration more 
efficient; second, by streamlining the generation of trans- 
genic plasmids carrying the exogenous DNA; and third, by 
incorporating elements for temporal regulation of transgene 
activity, thus expanding on the versatility of this technology. 
This chapter outlines technological advances in Xenopus 
transgenesis, followed by an overview of how transgenics 
have impacted research using this popular model organism. 


14.1.2. TECHNOLOGY DEVELOPMENT 


Restriction enzyme-mediate integration (REMI) was the 
first method that made Xenopus transgenesis practical (Kroll 
and Amaya, 1996). In REMI, transgenic plasmid DNA is 
incubated together with isolated sperm nuclei, a restric- 
tion enzyme, and Xenopus interphase egg extract and then 
injected into mature, unfertilized eggs. One to 16% of the 
injected eggs survive past feeding tadpole stages. However, 
this is not really a complication, as it is possible to inject 
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thousands of eggs at a time, and of those normal survivors, 
as many as 36% show stable, non-mosaic transgene expres- 
sion. Furthermore, FO animals that show strong non-mosaic 
expression almost invariably transmit the transgene through 
their germline (Marsh-Armstrong et al., 1999). This was a 
major improvement in transgenic efficiency over the results 
obtained by injection of linearized plasmid DNA into fertil- 
ized embryos and also works efficiently in Xenopus tropi- 
calis (Offield et al., 2000). The major limitation of REMI is 
that it is highly mutagenic, capable of generating up to four 
different transgene integration sites with multiple integra- 
tions in the injected individual, complicating interpretation 
of phenotypic analyses (Bronchain et al., 1999; Marsh- 
Armstrong et al., 1999). Furthermore, studies analyzing late 
developmental stages are not trivial in the FO generation due 
to the small number of survivors (Chesneau et al., 2008). 
In 2000, REMI was simplified by eliminating the need for 
restriction enzyme and egg extract while retaining similar 
efficiency (Sparrow et al., 2000). 

Following REMI, the successful innovations in trans- 
genesis techniques focused on increasing rates of survival 
and normal development, mainly through injection of trans- 
genic reagents into embryos rather than eggs, resulting in 
less technically demanding procedures and greater nor- 
mal development. First, a relatively simple method relying 
on co-injection of the commercially available rare-cutting 
meganuclease, I-Scel, and transgenic DNA carrying the 18 
base-pair long I-Scel recognition site was efficient in both 
Xenopus laevis and Xenopus tropicalis (Pan et al., 2006). 
The observed survival rate past metamorphosis was greater 
than 55%, with 10% to 12% of the survivors showing non- 
mosaic transgene expression (Pan et al., 2006). Furthermore, 
only one to eight copies of the transgene integrated at up to 
two distinct integration sites. 

A second similarly simple technique involves microinjec- 
tion of mRNA encoding the @C31 bacteriophage integrase 
with a transgenic plasmid DNA containing a 34 base-pair 
long bacterial attachment site, attB (Allen and Weeks, 
2005; Li et al., 2012). The integrase mediates recombina- 
tion between the attB site and a 39 base-pair long phage- 
dependent attachment site attP; recombination, however, 
can also occur at pseudo-attP sites with similarity as low 
as 24% to the phage attP sequence, though at much lower 
efficiencies (Groth et al., 2004; Thyagarajan et al., 2001). 
The main advantage of this approach is that it is thought to 
result in integration of a single transgene into the Xenopus 
genome, although reports of successful germline transmis- 
sion are lacking (Allen and Weeks, 2005; Li et al., 2012). 
The European Xenopus Resource Centre (EXRC) has an 
engineered transgenic line that contains an attP docking 
site within a functional cyan fluorescent protein coding 
sequence. The use of this line in conjunction with pC31 inte- 
grase may provide a highly efficient way to generate novel 
transgenics, screened by loss of cyan fluorescence (Horb 
et al., 2019). 

Finally, two approaches based on the use of transposase- 
driven transgene integration, using Sleeping Beauty or Tol2, 
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have been effective in Xenopus. Both involve co-injection of 
the transposase, either as mRNA or protein, with the trans- 
poson or DNA encoding the transgenic package flanked by 
transposase target sequences (Hamlet et al., 2006; Shibano 
et al., 2007; Sinzelle et al., 2006; Yergeau et al., 2009). 
Uniquely, this method can also be used in a variant of gene 
and enhancer trap, in which forward genetic experiments 
are achieved by secondarily remobilizing the transgene fol- 
lowing reintroduction of the transposase (Lane et al., 2013; 
Yergeau et al., 2011a, 2012). 


14.1.3. PTRANSGENESIS: STREAMLINING 
TRANSGENE CONSTRUCTION 


Besides novel ways of promoting transgene integration into 
the Xenopus genome, a major innovation came through use 
of modular Gateway cloning to streamline the generation of 
transgenic plasmids. The pTransgenesis system uses mul- 
tisite Gateway technology to allow for rapid generation of 
transgenic plasmids via recombination of a destination vector 
containing DNA sequences required for genome integration 
and three entry clones, a fluorescent transgenesis reporter, a 
promoter, and a coding sequence (Love et al., 2011b). The 
destination vectors allow a choice among transgenic meth- 
ods, including I-Scel meganuclease, Tol2 transposase, and 
pC31 integrase. Novel entry clones can be easily generated 
through simple recombination of a PCR product and donor 
vector, and existing entry clones can be mixed and matched 
to generate a diverse range of transgenic plasmids, making 
this a very powerful and flexible system. 

There are, however, a number of issues with this system. 
First, the particular donor vectors used to generate pTrans- 
genesis entry clones stopped being commercially available 
shortly after publication. Nonetheless, they can be procured 
from the Zebrafish International Resource Center (ZIRC) 
as part of the Tol2kit used for transgenic plasmid creation 
in zebrafish (Kwan et al., 2007). Second, only three of the 
four destination vectors contain chicken beta-globin HS4 
insulator sequences that have been shown to reduce integra- 
tion site effects on transgene expression (Allen and Weeks, 
2005). Third, one of the vectors includes two I-Scel target 
sequences flanking the transgene, which may increase the 
efficiency of transgenesis but risks integration of the vector 
backbone independent of the transgene sequence. Fourth, the 
pTransgenesis system, as constructed, is not compatible with 
the Xenopus ORFeome (Grant et al., 2015). The recombina- 
tion sites used in the ORFeome constructs are the same ones 
as those used in the pTransgenesis promoter entry plasmids 
and combining both systems misplaces the ORF within the 
transgenic construct. Instead, a newer two-plasmid system 
can be used in conjunction with the ORFeome to rapidly 
generate transgenic plasmids (Sterner et al., 2019). Like 
pTransgenesis, this system is versatile and permits selection 
of the transgenic technique: I-Scel, Tol2, and pC31. One of 
the destination vectors, pDXTR, allows for rapid gateway 
recombination with the ORFeome plasmids and includes the 
Tet-On system for inducible transgene expression. However, 


Advances in Genome Editing Tools 


it requires the use of restriction enzyme-based or Gibson 
Assembly cloning to introduce the promoters of interest 
(Das and Brown, 2004a; Kerney et al., 2012; Rankin et al., 
2011). Alternatively, another destination vector, pDXTP, can 
be used in conjunction with pDXTR. pDXTP is compatible 
with the promoter entry vectors included in pTransgenesis, 
allowing rapid recombination of the promoter upstream of 
the doxycycline inducible transcription factor rtTA, thus 
maintaining the ability to use the Tet-On system to control 
transgene expression. One shortcoming of the pDXTR and 
pDXTP plasmids is that they are relatively large, and both 
contain several insulator sequences. This makes pDXTR 
particularly prone to self-recombination following transfor- 
mation into E. coli, which can be prevented by growing the 
transformed bacteria at a lower temperature. 

The ability to regulate transgene activity in both time and 
space expands the breadth of experimental questions that 
can be investigated using transgenics in Xenopus. A number 
of cell- and tissue-specific promoters have been character- 
ized and used for spatial regulation of transgene activity in 
Xenopus (Horb et al., 2019). In addition to the Tet-On sys- 
tem, temporal control of transgene expression in Xenopus 
has been achieved using the temperature-inducible hsp70 
promoter or the modified dual-component GAL4-UAS sys- 
tem with the GAL4 fused to the ligand binding domain of 
the progesterone receptor (PR) (Beck et al., 2006; Horb et 
al., 2019). Finally, transgenic lines expressing Cre have been 
used as drivers to induce switches in fluorescence following 
across to lines with loxP sites (Roose et al., 2009; Waldner 
et al., 2006). These diverse methods of transgenesis, trans- 
genic vector construction, and transgene activity regulation 
provide a solid framework within which Xenopus research- 
ers can design experiments to study biological processes 
through genome modification. 


14.2. USES OF TRANSGENIC XENOPUS 


The way transgenesis would expand the experimental tool- 
kit in Xenopus was made evident with the first transgene- 
sis paper by Kroll and Amaya, in which they examined the 
temporal requirement of FGF signaling in early Xenopus 
development. Previous experiments suggested that FGF 
signaling was necessary for primary mesoderm induction 
as well for later processes, including maintenance of meso- 
derm fate and neural induction and patterning. Mesoderm 
induction occurs quite early in embryogenesis and can be 
studied using mRNA injections, but later events require 
FGF signaling to be perturbed after mesoderm induction. 
Transgenesis was used to express a dominant negative 
FGF receptor after mesoderm induction and showed that 
while FGF was required for maintenance of mesoderm 
fate, it was not required for neural induction and pattern- 
ing (Kroll and Amaya, 1996). Its lack of involvement in 
neural induction contradicted previous data, revealing 
how transgenics could improve data quality in the frog. 
In addition to dominant negative protein expression, other 
loss-of-function approaches, such as shRNA, have also 
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proven effective in Xenopus transgenics (Edholm and 
Robert, 2018). 

Using inducible or tissue-specific promoters allows 
research on developmental processes that occur several days 
to months after fertilization, including regeneration and 
metamorphosis. Regeneration is thought to occur through 
the reactivation of the same program involved in normal 
development, but this cannot be studied in traditional knock- 
out experiments, since the target tissue/organ may be per- 
turbed by loss of function early in development. In Xenopus, 
tadpole tails regenerate upon amputation from three days 
after fertilization until metamorphosis, except during a short 
refractory period at four to five days. Using a heat shock- 
inducible hsp70 promoter, Beck et al. (2003) showed that 
reactivation of the BMP and Notch signaling pathways dur- 
ing this refractory period promoted regeneration, whereas 
their inhibition at other stages blocked regeneration. In FO 
transgenics, they found variability in this ability, possibly 
due to integration site and transgene expression levels, but 
in F1 transgenics, the phenotype was more consistent. These 
results suggested that generating stable transgenic lines pro- 
duces more robust results. 

Metamorphosis in Xenopus is a model for human peri- 
natal endocrinology when multiple hormones regulate 
many aspects of tissue growth, development, remodel- 
ing, and maturation (Buchholz, 2015). This late-stage 
event occurs 30-60 days after fertilization, and transgen- 
esis in Xenopus was essential for in vivo functional stud- 
ies (Marsh-Armstrong et al., 2004; Mukhi et al., 2008, 
2009; Schreiber et al., 2001). In particular, binary-inducible 
transgenic systems have proven useful for temporal and 
tissue-specific control of transgenes during metamorphosis 
(Buchholz, 2012; Das and Brown, 2004b). The tetracycline 
(Tet)-inducible system allows for tight control of transgene 
expression by simple addition of doxycycline (Dox) to the 
water. This system requires two different transgenes: one 
promoter (tissue-specific or ubiquitous) to control expres- 
sion of rtTA (a Dox-dependent transcription factor) and a 
second tetracycline-inducible (TRE) promoter to control 
expression of the gene of interest. This system elucidated 
several aspects of metamorphosis, including gene switching, 
transdifferentiation of pancreatic acinar cells to ductal cells, 
and limb development (Brown et al., 2005; Cai et al., 2007; 
Mukhi and Brown, 2011; Mukhi et al., 2010). 

Another benefit of Xenopus transgenics is the ability to 
use promoters from other species, including rat, mouse, 
and zebrafish, to drive expression in a tissue-specific man- 
ner (Beck and Slack, 1999; Love et al., 2011a). This can 
be used to study the ability of factors to convert one tissue 
to another. Combining such expression with a secondary 
reporter to label the tissue generated allows monitoring of 
transdifferentiation events in real time. For example, using 
a murine transthyretin promoter to drive expression of pan- 
creatic transcription factors in the liver, combined with the 
rat elastase promoter driving GFP, it was found that only two 
pancreatic transcription factors, Ptfla and Pdx1, were able 
to convert liver to pancreas (Horb et al., 2003; Jarikji et al., 


210 


2007). First, both Xenopus and murine pdx] genes acted 
similarly in converting liver to pancreas in the Xenopus 
tadpole, but both proteins required an extra VP16 activation 
domain. The ability of other pancreatic transcription factors 
was tested similarly, and only one other transcription factor, 
Ptfla, had similar activity. These results reveal the power of 
using multiple transgenes to test the functional ability of dif- 
ferent factors in vivo in a tissue-specific manner allowing for 
analysis of cell fate conversions and commitment. 

One of the major embryological benefits of Xenopus is 
transplantation that creates chimeric embryos, and trans- 
genic Xenopus embryos have proven very useful for these 
experiments. Creating chimeric embryos between wild type 
and transgenic embryos has been used to study pancreas 
development, regeneration, and the origin of muscle satel- 
lite cells (Daughters et al., 2011; Gargioli and Slack, 2004; 
Jarikji et al., 2009). The developing pancreas is derived 
from separate dorsal and ventral buds arising from the roof 
and floor of the archenteron. These buds can be selectively 
labeled in chimeric embryos of wild type and pElas:GFP 
transgenics. Using such an approach, Jarikji et al. (2009) 
found that the ventral pancreatic cells migrate into the dor- 
sal pancreas after fusion, whereas the dorsal pancreatic cells 
do not. In another example, grafting specific regions from 
a transgenic CMV:GFP neurula stage embryo onto a wild 
type host enabled Gargioli and Slack (2004) to follow the 
fate of individual tissues (neural, notochord, or somites) 
during tail regeneration. They found that notochord and spi- 
nal cord regenerate from the same tissue, whereas muscle 
cells regenerate from a small population of satellite cells. 
Other lines that are beneficial for such experiments include 
ROSA26:GFP and Brainbow lines for long-term fate map- 
ping (Gross et al., 2006). 

In addition to following transplanted cells, transgenes can 
be used to isolate specific embryonic cells or nuclei, facili- 
tating analysis of transcriptomes or proteomes. One method 
uses two transgenes, one labeling nuclei of target cells with 
a biotin ligase receptor and the second expressing the BirA 
biotin ligase to biotinylate the target nuclei for isolation. 
Using cell-type-specific DNA elements, this approach gen- 
erated proteomic profiles of Xenopus cardiac nuclei (Amin 
et al., 2014). Transgenic Xenopus in which particular cell 
types are labeled were used to purify these cells for down- 
stream analysis; this has relied on the speed and simplicity 
of disaggregating cells in Xenopus prior to FACS sorting, 
which was combined with RNAseq to identify key regula- 
tors of tail regeneration (Kakebeen et al., 2020). 

Although these transgenic lines allow the biochemistry 
of development to be studied, there are others that focus 
more on cell biology. Some lines label various subcellular 
structures, while others allow real-time spatiotemporal anal- 
ysis of signaling pathway outputs, including Wnt, calcium, 
epigenetic changes, and oxidative stress (Love et al., 2013; 
Offner et al., 2020; Suzuki et al., 2016; Takagi et al., 2013; 
Tran and Vleminckx, 2014). 

Successful transgenic strategies depend on having identi- 
fied the appropriate DNA control elements to drive expression 
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of transgenes in the required temporal and spatial manner. 
This has proven the most challenging element of transgene 
design despite all of the information now available regarding 
epigenetic modification and conservation of genomes (Kim 
et al., 2019). While BAC and fosmid transgenesis have been 
used successfully to address this challenge (Fish et al., 2011; 
Ochi et al., 2012), gene editing, which is discussed in the 
following, has produced an alternative approach that avoids 
the challenges of handling large, fragile constructs and the 
possibility of extremely distant control elements: inserting a 
transgene into the endogenous locus so that its expression is 
controlled by all of the DNA elements and epigenetic mech- 
anisms that regulate the gene normally. 


14.3. GENETICS AND GENE 
EDITING IN XENOPUS 


Traditionally, Xenopus were used mainly for embryological 
experiments, with limited use as a genetic model. This was 
largely due to the allotetraploidy of X. laevis, which was the 
species used until recently; its long time to sexual maturity; 
and the resulting amount of effort required to breed succes- 
sive generations. The publication of the X. tropicalis genome 
in 2009 and the X. laevis genome in 2016 together with new 
genome editing technologies that have become available in 
the last seven years have led to the generation of many new 
Xenopus mutants. In this section, we outline a brief history 
of Xenopus mutants and give an overview of gene editing 
successes in Xenopus and future directions. 


14.3.1. BEGINNINGS 


Prior to the modern era of gene editing, naturally occurring 
Xenopus mutants were identified in the laboratory through 
successive inbreeding or gynogenetic screens. Several 
naturally occurring mutations were identified and studied, 
including anucleate, which lacked nucleoli and was instru- 
mental in cloning ribosomal RNA genes (Elsdale et al., 1958; 
Wallace, 1960). The second spontaneous X. laevis mutant 
to be identified was the periodic albinism mutant, which 
produces white/yellow embryos that are excellent for gene 
expression analysis and commonly used by the Xenopus 
community (Hoperskaya, 1975). Recently, this mutation was 
mapped to a 1.9kb deletion in the hps4 (Hermansky Pudlak 
syndrome type 4) gene (Fukuzawa, 2021). Other develop- 
mental mutants were identified in offspring derived from 
nuclear transfer animals at the Geneva Xenopus Centre 
(Droin, 1992). These naturally occurring mutants set the 
foundation for future genetic studies in Xenopus. 


14.3.2. X. TROPICALIS AND FORWARD GENETIC SCREENS 


Interest in Xenopus genetics was reignited after the introduc- 
tion to the laboratory of a closely related species, Xenopus 
tropicalis (Abu-Daya et al., 2012). X. tropicalis is the only 
diploid species in the genus, with one of the smallest known 
haploid genomes, 1.5 x 10° bp in 10 chromosomes (2n = 20). 


Advances in Genome Editing Tools 


Genetic screens in zebrafish have yielded many insights into 
vertebrate developmental biology, but the realization that the 
teleost genome had undergone a duplication event generated 
interest in developing a genetic model organism with a more 
canonically organized genome that was evolutionarily closer 
to mammals (Glasauer and Neuhauss, 2014). In 1999 at the 
NIH Non-Mammalian Model Meeting, Xenopus was one of 
the model organisms discussed, and subsequently consensus 
was reached on ten priority areas for large-scale genomic and 
genetic resource development for Xenopus. These included 
establishing the viability of X. tropicalis as a genetic model 
organism through pilot genetic screens, including chemical 
mutagenesis, large-scale radiation-induced deletions, and 
insertional mutagenesis, and developing resources such as a 
genetic map and sequencing the X. tropicalis genome (Klein 
et al., 2002). As a result, a number of laboratories undertook 
forward screens for mutations affecting X. tropicalis devel- 
opment (Goda et al., 2006; Noramly et al., 2005). 

Since amphibians do not have imprinting and fertiliza- 
tion is external, it is possible to use gynogenesis to obtain 
diploid embryos without paternal genetic contributions 
(Tompkins, 1978). Gynogenesis allows F1 female progeny 
of FO mutagenized animals to be screened for recessive 
mutations without the need to obtain adult F2 animals for 
sib crosses. The technique is simple: irradiated, macerated 
wild type testes are used for in vitro fertilization; the sperm 
initiate egg cleavage, but their genetic material is destroyed, 
creating haploid embryos. Diploidy is restored by cold shock 
or pressure early after fertilization, which inhibits polar 
body formation and prevents the loss of maternal chromo- 
somes duplicated during meiosis II (Geach et al., 2012). 
Disadvantages of gynogenesis are that the frequency of 
mutation depends on the distance from centromeres, ranging 
from 50% near centromeres to around 10% near telomeres, 
not the classical Mendelian ratio of 25%. Also, background 
abnormal gastrulation is higher than in normal fertiliza- 
tion. Gynogenetic screens thus focus on later development, 
uncovering mutations that affected organogenesis rather 
than early patterning. In the pilot gynogenetic screens, over 
100 potential mutant phenotypes were observed, including 
defects in heartbeat, motility, pigmentation, otolith forma- 
tion, haematopoiesis, gut coiling, axis formation, and left- 
right asymmetry (Goda et al., 2006; Noramly et al., 2005). 
Once a candidate mutation was identified in a female, an F2 
generation was raised to adulthood to confirm the heritabil- 
ity of the phenotype in classic sib crosses. 

The first mutation cloned affected cardiac function 
(Abu-Daya et al., 2009). Homozygous muzak tadpoles had 
no heartbeat, caused by a nonsense mutation in myh6. The 
resulting premature stop codon caused nonsense mediated 
decay of myh6 mRNA, and the lack of myosin heavy chain 
prevented sarcomere formation in muzak cardiomyocytes. 
Another mutation that affected sarcomere assembly was 
dicky ticker; homozygous embryos were completely para- 
lyzed and had no heartbeat. The genetic lesion was a mis- 
sense mutation in the muscle-specific chaperone unc45b, 
required for the correct folding of the head domain of heavy 
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chain myosins (Geach and Zimmerman, 2010). A model for 
human disease was no privacy, a recessive, non-lethal pig- 
mentation mutant. The phenotype is characterized by sig- 
nificantly reduced pigmentation; the genetic mutation was 
identified as a 10 base pair deletion in the hps6 homologue 
of the Hermansky-Pudlak Syndrome 6 gene (Nakayama 
et al., 2017). 

Improved genomic resources sped up positional clon- 
ing of mutations. In the five years after the identification of 
muzak, six more chemically induced mutants were mapped. 
These included kaleidoscope, characterized by variegated 
retinal epithelium and head cartilage defects caused by a 
splicing mutation in the ATPase copper transporting alpha 
(atp7a) gene, which is implicated in Menkes disease; white 
heart, characterized by haematopoiesis defects caused by a 
mutation in the smad4.1 gene; cyd vicious characterized by 
a severe eye phenotype and very poor melanocyte migra- 
tion from the neural tube, mapped to the DSIF elongation 
factor subunit (supt5h) gene; the otolith formation mutants 
komimi, a splicing mutation in the otoconin90 (oc90) gene; 
and seasick, a nonsense mutation in the vesicle transport 
adaptor protein ap3d1 (Abu-Daya et al., 2012). 


14.3.3. TILLING 


The screens described previously were all “forward genetic” 
screens; at the same time, a “reverse genetics” project 
searched for mutations in specific genes by TILLING (tar- 
geting induced local lesions in genomes) using males pro- 
duced by ENU mutagenesis (Stemple, 2004). Capillary 
sequencing was initially used to search for mutations in 
specific genes requested by the Xenopus community (Goda 
et al., 2006). This approach did not produce many mutants, 
since the Fl males tested were mosaic for mutations due 
to treating mature sperm, not spermatogonia, with ENU 
and PCR amplification introduced allele bias. However, a 
TILLING screen on Fl animals produced by spermatogo- 
nial ENU mutagenesis produced a nonsense mutation in the 
retinal anterior homeobox (rax) gene, which resulted in eye- 
less tadpoles (Fish et al., 2014). With the increasing avail- 
ability of next-generation sequencing, it became possible to 
sequence the whole exome of mutants. This new approach 
uncovered mutations in more than 300 genes, although these 
were not necessarily in specific genes requested by Xenopus 
researchers. 


14.3.4. INSERTIONAL MUTAGENESIS 


Another strategy to produce Xenopus mutants was inser- 
tional mutagenesis. If a transgene integrates into a coding 
sequence or an important regulatory region, it will disrupt 
the function of that gene. Insertional mutagenesis is attrac- 
tive because cloning the site of integration is simpler and 
faster than positional cloning. The basic approach using 
Sleeping Beauty is described previously, and a pilot study 
showed that in these “hopper frogs,’ the transposon was 
indeed excised and reintegrated. In approximately 80% of 
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cases, the re-integration was within 3MB of the donor locus 
(Yergeau et al., 201 1b). 

Despite these promising initial results, no insertional 
mutations were produced in these screens. However, a func- 
tionally disruptive mutation was discovered accidently when 
an attempt was made to breed a Xenopus tropicalis line, 
carrying a nkx2.5-GFP insert, to homozygosity (Abu-Daya 
et al., 2011). Approximately 25% of metamorphic froglets 
completely lacked forelimbs, including the scapula and clav- 
icle. In situ hybridization showed that mutant tadpoles did 
not express tbx5 in the prospective forelimb region, although 
cardiac expression was unaffected. The integration site was 
cloned by ligation-mediated PCR in the first intron of the 
nephronectin gene, a secreted ligand of Alpha8Betal, which 
was necessary for metanephros formation in mouse but had 
not been implicated in limb generation prior to this point. 
Early experiments thus showed the potential of using the 
frog model for genetics experiments; however, before this 
potential could be transformed into a major screening pro- 
gram as in other models, the landscape was changed by the 
availability and low cost of large-scale sequencing together 
with gene editing methods. 


14.3.5. REVERSE GENETICS USING DSBREAKS 


Reverse genetics really became feasible in Xenopus with the 
introduction of new gene editing techniques that allowed tar- 
geted induction of double strand (ds) breaks in the genome 
(Lei et al., 2013; Tandon et al., 2017). The first study used 
Zinc Finger Nucleases to demonstrate the possibility of tar- 
geted mutations in the Xenopus genome (Young et al., 2011). 
The first published studies with TALENS were in 2012, and 
there have now been many different TALEN mutants cre- 
ated in both Xenopus species (2 in X. laevis and 14 in X. 
tropicalis) (Ishibashi et al., 2012; Lei et al., 2012). Initially, 
most of these studies analyzed FO mutants with mosaic 
mutations, but phenotypes were successfully observed. 
The first germline TALEN mutants generated were Fl 
compound heterozygotes; these X. tropicalis pax6 mutants 
displayed phenotypes similar to human aniridia patients, 
showing how Xenopus can be used to model human disease 
(Nakayama et al., 2015). The first X. laevis germline mutant 
was made using oocyte host transfer to improve mutation 
rates in both tyr.L and tyr.S genes (Ratzan et al., 2017). This 
paper showed that one can generate mutants effectively 
in the allotetraploid X. laevis. The first homozygous null 
TALEN mutants were generated in the X. tropicalis protein 
arginine histone methyltransferase 1 gene (prmt/) (Shibata 
et al., 2019). Prmtl knockout mice die shortly after implanta- 
tion, preventing functional analysis. Since Xenopus embryos 
develop externally, prmtl-/~ embryos survive, allowing for 
functional analysis, but show delayed growth after five days 
and eventually die nine days later. Multiple genes can also 
be mutated using TALENs. Knockout of rnf43 and znf3 
together (but not individually) led to limb deformities in FO 
X. tropicalis (Szenker-Ravi et al., 2018). TALEN use peaked 
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in terms of Xenopus publications in 2016, but already it had 
been overtaken by a different method of making ds breaks. 

Shortly after TALENs, the CRISPR-Cas technology 
became available. The ease with which FO Xenopus cris- 
pants can be made, the high level of indels caused, and the 
strong penetrance of resulting phenotypes led this method to 
become widely used in Xenopus. The first Xenopus CRISPR 
mutants were published in 2013, and in the last five years, 
over 50 different mutants have been published (Blitz et al., 
2013; Nakayama et al., 2013). Due to its diploidy and growth 
at higher temperatures (where Cas is more effective), most 
CRISPR mutants have been FO mosaic mutants generated in 
X. tropicalis; they affect a wide range of processes, includ- 
ing immunology, cancer, kidney, neurogenesis, limb, meta- 
morphosis, regeneration, and eye development (Table 14.1). 
Examples of using Xenopus and CRISPR-Cas to underpin 
the understanding of human genetic disease include a series 
of studies analyzing the effects of gene variants causing con- 
genital heart defects by the Khoka lab (Bhattacharya et al., 
2015; Deniz et al., 2018). Reversade and co-workers inves- 
tigated tetra-amelia syndrome, which causes lung aplasia 
and a lack of limbs. The deletion of rspo2 by CRISPR-Cas 
caused amelia, validating the link between the gene and 
disease. Moreover, deletion of two transmembrane ligases 
associated with the disease caused formation of ectopic 
limbs, also revealing a master regulator of limb number 
(Szenker-Ravi et al., 2018). This example demonstrates how 
both clinical and discovery research is enhanced by analy- 
sis of patient-directed gene knockouts in Xenopus. For the 
RhoGEF TRIO, Xenopus crispants targeting one of its two 
human mutation hotspots was used to link that hotspot with 


TABLE 14.1 
Genetically Altered Xenopus Made Using Targeted 
Nucleases 


Gene(s) Year Species FO/F1 Reference/Notes 

ZFNs 

egfp, nog 2011 tropicalis FO (Young et al., 2011) 

tyr 2012 tropicalis FO/F1 (Nakajima et al., 2012) 

nog 2017 tropicalis Fl (Young et al., 2017) 
homozygous null 

TALENs 

tyr 2012 tropicalis FO (Ishibashi et al., 2012) 


nog, ptfla, ets] 2012 tropicalis FO (Lei et al., 2012) 


egfp 2013 laevis FO (Sakuma et al., 2013) 
tyr, pax6 2013 laevis FO (Suzuki et al., 2013) 
ndrgla 2013 tropicalis FO (Zhang et al., 2013) 


tyr, nog, mmp-9.2 2013 tropicalis FO (Nakajima et al., 2013) 
tyr, egfp 2014 laevis FO (Sakane et al., 2014) 
sps 2014 tropicalis FO (Chung et al., 2014) 
agrees with MO data 
tyr 2015 tropicalis F1 (Nakajima and Yaoita, 2015) 
deadsouth/germ cell; FO 
crossed with ZFN albino 
thra 2015 tropicalis FO/F1 (Choi et al., 2015) 


(Continued) 
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TABLE 14.1 (Continued) 


Gene(s) Year Species FO/F1 Reference/Notes 

tyr, pax6 2015 laevis FO (Miyamoto et al., 2015) 
oocyte host transfer 

cygb 2015 laevis FO (Nakade et al., 2015) 

pax6 2015 tropicalis Fl (Nakayama et al., 2015) 
compound het 

apc 2015 tropicalis FO (Nieuwenhuysen et al., 2015) 

thra 2015 tropicalis FO (Wen and Shi, 2015) 

dotll 2015 tropicalis FO (Wen et al., 2015) 

ourol, ouro2, 2016 tropicalis FO (Nakai et al., 2016) 

foxnl 

thra 2017 tropicalis F2 (Choi et al., 2017) 

hps6 2017 tropicalis Fl (Nakayama et al., 2017) 
agrees with MO data, ENU 

or natural mutation 

p2ry4 2017 laevis FO (Harata et al., 2019) 

madl 2017 tropicalis F2 (Okada et al., 2017) 

tyr 2017 laevis Fl (Ratzan et al., 2017) 

L and S mutants from oocyte 
host transfer. Compound 
hets 

thra 2017 tropicalis F2 (Wen et al., 2017) 
tbxt/tbxt.2 2018 tropicalis F1/F4 (Gentsch et al., 2018) 
F1 mutants for tbxt; tbxt/tbxt2 
double knockouts in F4 

thra/thrb 2018 tropicalis F2/F1 (Nakajima et al., 2018) 
mecom 2018 tropicalis F2 (Okada and Shi, 2018) 
pomc 2020 tropicalis Fl (Shewade et al., 2020) 

compound het 
prmtl 2020 tropicalis F2 (Shibata et al., 2019) 
thra 2021 tropicalis F2 (Tanizaki et al., 2021b) 
CRISPR 
tyr 2013 tropicalis FO/F1 (Blitz et al., 2013) 
tyr 2013 tropicalis FO/F1 (Nakayama et al., 2013) 


celal.2, etsl, ets2, 2014 tropicalis FO/F1 (Guo et al., 2014) 
hspaS, hhex, pgat, 


pdxl, ptfla, 

tm4sf4, tyr 

foxjl, pax8, dnah9, 2015 tropicalis FO (Bhattacharya et al., 2015) 

galntl, ctnnb1 agrees with MO data 

tubb2b, tyr 2015 tropicalis FO/F1 (Shi et al., 2015) 
knockin GFP, ela-GFP 

ptfla, tyr 2015 laevis FO (Wang et al., 2015) 
agrees with MO data 

gsc, tyr 2016 tropicalis FO/F1 (Blitz et al., 2016) 
leapfrogging, FO and Fl 

phenotypes 

cfap299 2016 laevis FO (Jaffe et al., 2016) 

pax3, snail, 2016 tropicalis FO (Liu et al., 2016) 

ctnnb1, sox9, 

tfap2a, pax3, zicl, 

snai2, 

rbl, rbll 2016 tropicalis FO (Naert et al., 2016) 
dual knockout 

cinnbl 2017 both FO/F1 (Aslan et al., 2017) 
knock in by oocyte host 

transfer 
xnc genes 2017 laevis FO (Banach et al., 2017) 
rho 2017 laevis FO/F1 (Feehan et al., 2017) 


(Continued) 
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Gene(s) Year Species FO/F1 Reference/Notes 
tyr 2017 tropicalis FO (Park et al., 2017) 
base editing 
npffrl.1 2017 laevis FO (Wagas et al., 2017) 
lhxl, slc45a2 2018 laevis FO (DeLay et al., 2018) 
thrb 2018 tropicalis FO (Sakane et al., 2018) 
fefr4 2018 tropicalis FO (Sempou et al., 2018) 
tbx5 2018 tropicalis FO (Steimle et al., 2018) 
rnf43, znrf3, rspo2 2018 tropicalis FO (Szenker-Ravi et al., 2018) 
supernumery limbs, linked to 
clinic 
katnal2 2018 tropicalis FO (Willsey et al., 2018) 
agrees with MO data 
xncl0 2019 laevis (Banach et al., 2019) 
cell line knockout 
dsp 2019 laevis FO (Bharathan and Dickinson, 
2019) 
agrees with MO data 
llcam, crb2 2019 tropicalis FO (Date et al., 2019) 
dnmbp 2019 laevis FO (DeL ay et al., 2019) 
MO as well 
tbx4 2019 tropicalis FO (Kariminejad et al., 2019) 
link to clinic, limb defect 
neurod2 2019 tropicalis FO (Sega et al., 2019) 
link to clinic; RNA 
overexpression 
six] 2019 tropicalis FO (Sullivan et al., 2019) 
rpe65, gnatl 2019 laevis FO (Wen et al., 2019) 
ctnnd1 2020 tropicalis FO (Alharatani et al., 2020) 
trio 2020 tropicalis FO (Barbosa et al., 2020) 
link to clinic, domain specific 
effect 
pax9 2020 tropicalis FO (Farley-Barnes et al., 2020) 
tnncl 2020 tropicalis FO (Landim- Vieira et al., 2020) 
dlg5 2020 tropicalis FO (Marquez et al., 2021) 
link to clinic 
rbl, rbll, tp53 2020 tropicalis FO (Naert et al., 2020a) 
cancer 
multiple 2020 both (Naert et al., 2020b) 
designing efficient guides 
junB 2020 tropicalis FO/F1 (Nakamura et al., 2020) 
compound hets 
cfap43, foxjl 2020 laevis FO (Rachev et al., 2020) 
agrees with MO data 
daam2 2020 tropicalis FO (Schneider et al., 2020) 
link to clinic 
thrb 2020 tropicalis F2 (Shibata et al., 2020a) 
thra/thrb 2020 tropicalis F2 (Shibata et al., 2020b) 
double knockout 
adprhll 2020 laevis FO (Smith et al., 2020) 
agrees with MO data 
ednra, ednrb2, 2020 laevis FO (Square et al., 2020) 
ednl, edn3 
nr3cl 2020 tropicalis F2 (Sterner et al., 2020) 
ncoa3 2020 tropicalis Fl (Tanizaki et al., 2021a) 
compound hets 
gja8, dnase2b 2020 laevis FO (Viet et al., 2020) 
Msmb.3 2020 tropicalis FO (Wang et al., 2020) 
agrees with MO data 
minrla 2020 tropicalis FO/F1 (Wiechmann et al., 2020) 
(Continued) 
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TABLE 14.1 (Continued) 


Gene(s) Year Species FO/F1 Reference/Notes 
dyrkla 2020 tropicalis FO (Willsey et al., 2020) 
agrees with MO data 
chdl 2020 laevis FO (Wyatt et al., 2020) 
cep70 2021 laevis FO (Kim et al., 2021) 
agrees with MO data 
HDR 
krt12.2, npm3 2014 laevis FO (Nakade et al., 2014) 
CRISPR/TALEN, TAL- 
PITCh and CRIS-PITCh 
cfap299 2016 laevis FO (Jaffe et al., 2016) 
plasmid 
ctnnbl 2017 both FO (Aslan et al., 2017) 
CRISPR, oocyte host 
transfer, oligo 
myh6, gapdh 2018 tropicalis FO (Mao et al., 2018) 
CRISPR, donor plasmid 
xncl0 2019 laevis FO (Banach et al., 2019) 
CRISPR, donor plasmid 
slc45a2 2020 both FO (Nakayama et al., 2020) 
CRISPR, ssDNA 
Base editing 
tyr, tp53 2017 laevis FO (Park et al., 2017) 
Cas9-linked cytidine 
deaminase BE3 
tyr, tbx5, apc, 2019 tropicalis FO (Shi et al., 2019) 


cypIb1, kcnj2, 
1bx22, gdf5, hhex, 
sftpb, ptfla 
Legend: Examples of published, genetically altered Xenopus show how 


the number of such animals is growing. Uncommon or novel aspects of 
particular studies are highlighted in the “Notes” column. 


Cas9-linked cytidine 
deaminase BE3 


a specific phenotype in TRIO patients, showing that such 
experiments can extend beyond simple loss of function 
(Barbosa et al., 2020). Other examples include tbx4, rho, 
neurod2, daam2, and dlg5 (Feehan et al., 2017; Kariminejad 
et al., 2019; Marquez et al., 2021; Schneider et al., 2020; 
Sega et al., 2019). 

The first germline CRISPR mutants were compound 
heterozygotes produced using the leapfrogging technique, 
which bypasses embryonic lethality by transplanting the 
endoderm (the germ cells’ location) from an FO mutant into 
wild type; crossing two FO gsc mutants produced this way 
resulted in the expected phenotypic mutants (Blitz et al., 
2016). Compound mutations in mtrnia in Fl X. tropica- 
lis caused rod photoreceptor degeneration, while junB F1 
mutants showed defective tail regeneration (Nakamura 
et al., 2020; Wiechmann et al., 2020). The first F2 homo- 
zygous null CRISPR mutants were made in genes affecting 
metamorphosis, including thra, thrb, and nr3cl, and more 
such homozygous null mutants are in the pipeline (Shibata 
et al., 2020b, 2020a; Sterner et al., 2020). The biggest draw- 
backs to making germline mutants in Xenopus are the effort, 
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time, and cost needed to raise them through metamorphosis. 
To increase the generation of germline mutants, the National 
Xenopus Resource (NXR) has embarked on a project to gen- 
erate over 200 mutants. To date, they have produced over 
120 mutants, and they also host visiting researchers to come 
and work on these mutants or create new mutants. These 
mutants are cataloged on Xenbase and available to all 
researchers interested in working with them. 


14.4. FUTURE DIRECTIONS 


CRISPR-Cas gene editing revolutionized site-specific muta- 
tion in Xenopus, but the use of this new technology to gen- 
erate site-specific integration is more challenging. Random 
integration of exogenous DNA through transgenesis works 
efficiently in Xenopus, but site-specific integration of large 
insertions initially proved difficult to achieve. Initial reports 
showed such an approach is feasible in Xenopus, but the 
methods were inefficient and unreliable, producing impre- 
cise, mosaic mutations (Aslan et al., 2017; Jaffe et al., 2016; 
Mao et al., 2018; Nakade et al., 2014; Nakayama et al., 2020). 
Three of these reports utilized plasmid DNA containing 
either one or two target sites for sgRNA, allowing cleavage 
of circular vector in the embryo. In these studies, insertions 
occurred in both orientations, revealing imprecise inte- 
gration. In the fourth study, a ssDNA oligonucleotide was 
injected with Cas9 into oocytes, which were then matured 
and implanted into another female, and the laid eggs were 
then fertilized in vitro; this is known as the oocyte host 
transfer (OHT) approach (Aslan et al., 2017). This approach 
was the most successful, with around 10% precision inte- 
gration, but only a short ssDNA donor was tested, prevent- 
ing insertion of fluorescent tags. The problem is that OHT 
is difficult, and few embryos survive to adulthood. A recent 
study showed that homology directed repair (HDR) is pos- 
sible in embryo injections when using long single-stranded 
DNA (IssDNA) (Nakayama et al., 2020). Though few adult 
animals were tested for germline transmission, they showed 
successful insertion of point mutations and fluorescent pro- 
teins. One study showed that it is possible, in X. laevis, to 
selectively knock-in constructs into either the L or S homeo- 
logue of a gene (Jaffe et al., 2016). The future of HDR inser- 
tion in Xenopus is to generate novel, tagged proteins to allow 
for real-time visualization as well to generate precise point 
mutations to model human disease. 

IfIssDNA co-injection with CRISPR-Cas9 proves as suc- 
cessful at other loci as in this first report, it may come to 
dominate making specific, targeted changes to the genome. 
There are, however, alternatives that avoid making ds breaks 
but can make small alterations. Base editing involves tar- 
geting a Cas9 nickase fused to either a cytidine or adenine 
deaminase to a specific site in the genome, there convert- 
ing TA to C-G or G-C to A-T, respectively. This method 
has been used successfully in Xenopus, producing editing 
rates of up to 20.5%, but not extensively taken up by the 
community, most likely due to the limited changes available 
and the lack of single base-pair accuracy (Park et al., 2017). 
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Prime-editing is a related method that allows slightly larger 
changes to be made using Cas9 nickase fused to reverse 
transcriptase and a complex multifunctional prime-editing 
sgRNA (Anzalone et al., 2020). At the time of writing, this 
technique is to our knowledge yet to be used in Xenopus 
with success. 


14.5. CONCLUSIONS 


The range of methods currently available to Xenopus 
researchers for efficient genome modification is extensive 
and contains robust techniques for both transgenesis and 
mutagenesis. When combined and used together with other 
experimental manipulations commonly used in Xenopus, 
such as tissue-targeted microinjection, for example, they 
permit the pursuit of experimental questions not easily 
explored in other model systems. Mutations in human 
PKDI are associated with autosomal-dominant polycystic 
kidney disease (ADPKD), and homozygous mutations or 
deletions of pkd/ in mice are embryonic lethal (Blackburn 
and Miller, 2019). Similarly, CRISPR-Cas9 induced muta- 
tions in X. laevis pkdl result in FO edema and eventual 


pkd1 sgRNA (left side) 


FIGURE 14.1 
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lethality (Figure 14.1A). To bypass the embryonic lethal- 
ity and more specifically target the germline for generation 
of mutant lines, pkd] sgRNAs can be microinjected into 
the vegetal pole at the 16-cell stage (Figure 14.1B). The 
effects of pkd/ mutations on early kidney morphogenesis 
can, however, be easily observed in Xenopus if induced in 
the paxS:GFP transgenic background in which the pro- 
nephros is labeled with GFP. This is even more powerful 
if combined with unilateral mutagenesis where the pkd/ 
sgRNA injected side shows disrupted pronephric morphol- 
ogy, and the other side injected with a control sgRNA pro- 
vides a morphologically normal internal control (Figure 
14.1C,D). Xenopus, which has always been a powerful sys- 
tem in many respects, has bravely leapt into the heart of 
the genetic age. 
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15.1. HISTORICAL BACKGROUND proper LR development. (2) Experimental induction of double 


Organ asymmetries are found throughout the animal king- 
dom, referred to as asymmetric positioning, asymmetric 
morphology, or both, as exemplified by the vertebrate heart 
(Blum et al., 2014). The evolutionary origin of organ asym- 
metries may have arisen with the necessity for a longer-than- 
body length gut that allows efficient retrieval of nutrients and 
the need to stow this long gut in the body cavity in an orderly 
manner (Blum et al., 2014; Blum and Ott, 2018a). Vertebrate 
organ asymmetries (situs solitus) are quite sophisticated. In 
humans, the apex of the asymmetrically built heart, with two 
atria and ventricles each that connect to lung and body cir- 
culation, points to the left. The lung in turn, due to space 
restrictions, has fewer lobes on the left than on the right side 
(in humans two and three, respectively). Stomach and spleen 
are found on the left and the liver on the right. The small 
and large intestines coil in a chiral manner. In very rare 
cases (1:10.000), the organ situs is inverted (situs inversus). 
Heterotaxia describes another rare situation (about 1:10.000), 
in which subsets of organs show normal or aberrant posi- 
tioning and/or morphology, which inevitably are associated 
with severe disease syndromes (Duncan and Khokha, 2016; 
Grimes and Burdine, 2017; Hamada et al., 2002) 

The knowledge of human organ asymmetry date back to 
the antiquity, as mentioned in Aristotle’s history of animals. 
Interestingly, scientific approaches to understand left-right 
(LR) development were performed in the 19th century using 
chick embryos (Blum et al., 1999). The first systematic experi- 
mental analysis of the LR axis was conducted in the early 
1920s by Hans Spemann and co-workers before their focus 
shifted towards the gastrula organizer phenomenon. They 
used two main approaches: (1) Regional ablations and trans- 
plantations at gastrula and neurula stages showed that the 
left side contains a specific information which is required for 
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axes, twinned embryos, to address the pathological outcomes 
in human conjoined twins, in which specifically the right, but 
not the left, twin exhibits heterotaxia in 50% of cases (see 
Blum et al., 2009, 1999; Tisler et al., 2017a, for details and 
original references). Based on the work of many laboratories, 
including ours, we now understand the molecular basis of 
both observations by Spemann and co-workers. Basically, two 
spatially and temporally distinct processes were interfered 
with at the time: propagation of Nodal signaling in the left 
lateral plate mesoderm (LPM) and ciliary-based symmetry 
breakage at the left-right organizer (LRO), respectively (see 
the following). 


15.2. 
15.2. 


PRESENT STATE OF THE FIELD 


THE Nompar CAscADE DICTATES LATERALITY 


Modern research on the molecular basis of LR asymmetry 
principally started with the identification of nodal, which 
encodes a Tgf growth factor transiently expressed exclu- 
sively in the left LPM. nodal transcription is regulated by 
a positive feedback loop. In addition, Nodal induces the 
expression of the Tgfh feedback inhibitor lefty. Lefty in turn 
terminates Nodal signaling by binding to Nodal and to its 
cognitive receptor complex (Shiratori and Hamada, 2014). 
An additional Nodal target, the homeobox transcription fac- 
tor pitx2, which we accidentally identified in a PCR screen 
for goosecoid-related homeobox genes in mouse (Campione 
et al., 1999), became an important tool to study the LR axis. 
Unlike the transient nodal and lefty asymmetry, left-sided 
pitx2 expression persists to later developmental stages and 
mediates left positional identity throughout organogenesis 
(Blum et al., 1999; Campione et al., 1999). Because 
transcriptional regulation is direct in all cases, expression of 
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nodal and its targets spreads rapidly in the left LPM and is 
therefore called the Nodal cascade. 


15.2.2. THE Lert-RIGHT ORGANIZER 


Left-sided Nodal cascade induction implies that left posi- 
tional information was already generated by an earlier 
mechanism, which is termed symmetry breakage. In 
most vertebrates (fish, frog, and mammals) but also in sea 
urchins, cilia functions are ultimately linked to symmetry 
breakage (Blum et al., 2009; Blum and Ott, 2018b; Little 
and Norris, 2020). This notion is supported by the occur- 
rence of heterotaxia/situs inversion in patients suffering 
from ciliopathies. Later, it was postulated by Afzelius in 
the 1980s that during development, motile cilia are required 
for LR axis determination (Afzelius, 1981). An extensive 
clinical picture of LR defects can be observed when spe- 
cifically cilia motility is affected, summarized as primary 
ciliary dyskinesia (PCD; Wallmeier et al., 2020). Mutations 
in the axonemal dynein 11, for example, are responsible for 
Kartagener syndrome, which commonly includes the devel- 
opment of sinusitis, bronchiectasis, and laterality defects 
(Afzelius, 1976). Based on a substantial body of work using 
various model organisms and human genetics, a conserved 
mechanism has been suggested for symmetry breakage. At 
neurula stages, a small epithelium in the posterior midline 
is characterized by the presence of motile mono-cilia and 
was termed left-right organizer (LRO). LRO cilia rotate in 
a clockwise fashion, which is unusual because most other 
motile cilia show a stroke-type motion, for example, mul- 
ticiliated cells of the respiratory tract. The molecular basis 
of cilia rotation and determination of its direction is not 
understood and remains to be elucidated. But, importantly, a 
leftward fluid flow of extracellular fluids is generated, which 
serves as positional information to specify the LR axis in 
mammals, fish, and amphibians but, interestingly, not in 
reptiles and birds (Blum and Ott, 2018a; Kajikawa et al., 
2020). In Xenopus, the gastrocoel roof plate (GRP; Shook 
et al., 2004) constitutes the ciliated LRO, which develops 
inside of neurula embryos in a dorso-posterior position of 
the embryonic gut. Probably because of its hidden presence, 
our identification of the frog LRO occurred almost 10 years 
later than in mouse (Schweickert et al., 2007). The GRP 
cells have a mesodermal fate and only transiently line the 
gut before integrating into the notochord and somites (Shook 
et al., 2004). Interestingly, this fate mirrors two distinct cell 
populations which also differ in position and, importantly, 
in function. Notochordal cells are found along the midline, 
projecting motile and polarized cilia, whereas somitic cells 
localize bilaterally and have non-polarized and non-motile 
cilia (Figure 15.1A; Boskovski et al., 2013; Schweickert et 
al., 2007; Shook et al., 2004). This scenario is also found in 
mouse (Little and Norris, 2020) and is interpreted as central 
flow-generating and bilaterally sensory LRO cells (cLRO 
and sLRO, respectively; Figure 15.1A). 

The mechanism by which the directionality of leftward 
flow is initially detected is still under debate. Two scenarios 
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have been proposed, which either favor a morphogen or a 
mechano-sensory model. The first concept implicates one or 
more secreted factors being extracellularly transported to the 
left, where they activate receptor-based signaling (Hirokawa 
et al., 2012; Tanaka et al., 2005). The second model sug- 
gests that physical forces exerted by the flow result in a left- 
sided bending of non-motile, mechanosensory cilia, which 
transduces a laterality defining signal into the sensory cells 
(McGrath et al., 2003; Shinohara and Hamada, 2017; Tabin 
and Vogan, 2003). Although the picture of these upstream 
processes is incomplete, the cellular and molecular target of 
flow-induced signaling is well described. 


15.2.3. THE LEFTWARD FLOw TARGET: DAND5 


We identified Dand5, a Cerberus-related, extracellular 
Wnt, Bmp, and Nodal inhibitor, as the molecular compo- 
nent by which laterality is fixed (Schweickert et al., 2010). 
Both dand5 and nodal are co-expressed in left and right 
lateral sLRO cells (Vonica and Brivanlou, 2007). In post- 
flow stages, dand5 mRNA is specifically downregulated 
in left sLRO cells. Reduction of dand5 mRNA is flow 
dependent because embryos with blocked cilia motility or 
increased viscosity in the archenteron lose dand5 asymme- 
try (Schweickert et al., 2010). Hence, a model was proposed 
in which Dand5 blocks the morphogen Nodal on both sides 
in pre-flow stages. Due to flow-induced asymmetry, Dand5 
concentrations decrease in left sLRO cells, and as a conse- 
quence, Nodal is released from suppression (Figure 15.1B; 
Schweickert et al., 2010) and diffuses to the left LPM, result- 
ing in Nodal cascade induction. 

The frog system is particularly suited to analyze this 
complex mechanism, as well as many other LR processes 
(Blum et al., 2009). Besides many more general advantages 
outlined in this book, one experimental feature unique to 
the Xenopus embryo is the ability to specifically target left 
or right cell lineages via simple microinjections at early 
blastomere stages (2-32 cells). Although this possibility is 
of experimental value to study many developmental ques- 
tions, its unique strength is particularly emphasized during 
the analysis of the LR body axis (Blum et al., 2009; Blum 
and Ott, 2019). Providing loss- and gain-of-function experi- 
ments in a one-sided manner allows one to decipher the sig- 
naling pathways and mechanisms required to establish LR 
asymmetry. In addition, targeting along the dorso-ventral 
axis allows one to manipulate tissue-specific processes in 
space and time. Figure 15.1C depicts a generalized injection 
setup for targeting distinct LR-relevant tissues like the flow- 
generating central cLRO cells (C1 lineage), the flow-sensing 
lateral sLRO cells of the C2 lineage, and the LPM cells (C3 
lineage). 

The relevance of such experimental options is highlighted 
by our analysis of dand5 regulation. In this context, an anti- 
sense morpholino-oligo (MO) specific against endogenous 
dand5 mRNA (dand5 MO) turned out to be extremely valu- 
able for analyzing flow-dependent processes. In the normal 
scenario, dand5 is repressed in a flow-dependent mechanism 
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FIGURE 15.1 Two distinct LRO cells and the role of the flow target Dand5. (A) The central part of the vertebrate left right organizer 
(cLRO) is characterized by flow-generating cells which project motile cilia. Flow is sensed by lateral, sensory LRO cells with non-motile 
cilia (SLRO). (B) At pre-flow stages or in right sLRO cells, Nodal and Dand5 proteins interact in a stoichiometric equilibrium, preventing 
signaling or diffusion of the morphogen Nodal. In left sLRO cells, the amount of Dand5 is diminished by flow-induced signaling, freeing 
Nodal, which then triggers the expression of the Nodal cascade (here visualized by pitx2) in the left LPM. When flow is experimentally 
switched off, left-sided Nodal inhibition by Dand5 is maintained, and therefore leftness is not determined. This effect can be rescued by 
left-sided dand5 loss of function (not shown). Injecting a dand5 morpholino-oligo (MO) in the right lineage results in bilateral Nodal 
release and consequently bilateral pitx2 expression. Intriguingly, situs inversions are easily and very efficiently generated by experimen- 
tally turning off leftward flow and right-sided dand5 MO injections. A REM picture of the frog LRO is shown. (C) Specific targeting of 
distinct processes required for laterality development. Note that only left-sided injection schemes into the prospective marginal zone of 
four-cell-stage embryos are shown. Nomenclature of injection side (C1, C2, C3) corresponds to and is adapted from fate maps of a 16- and 
32-cell-stage embryo (Moody, 1987). cLRO cells are targeted by injecting a dorsal blastomere near the cell junction (C1), reflecting the 
future dorsal midline. Choosing a more laterally located injection site of the dorsal blastomere (C2) will hit sLRO cells. (C) Lateral plate 
mesoderm (LPM), the signaling center for asymmetric organ morphogenesis, is most efficiently targeted by injecting ventral blastomeres 
in a lateral position. 
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in the left sLRO cells (Schweickert et al., 2010). Then, fur- 
ther diminishing the Dand5 activity by injecting dand5 
MO into the left lineage does not impact LR asymmetry. 
However, right-sided dand5 knockdown induces an ectopic 
Nodal-cascade in the right LPM (Figure 15.1B). Both obser- 
vations are in line with the key role of dand5 in assigning the 
left positional information by its flow-induced repression. 
Importantly, basically all experimental manipulations of 
upstream processes, that is, impairing flow or flow-induced 
signaling, are rescued by left-sided dand5 MO administra- 
tions (Figure 15.1B; Schweickert et al., 2010). Laterality 
defects induced by preventing leftward flow and thus dand5 
repression by increasing the viscosity of extracellular milieu 
or by interfering with cilia motility are rescued to wild-type 
levels by left-sided dand5 knockdown. When injected into 
the right lineage, organ situs was inverted in almost 100% 
of cases (Schweickert et al., 2010). Similarly, we could dem- 
onstrate that laterality defects in conjoined twins are based 
on mispositioning of LRO tissue and thus misregulation of 
dand5 (Tisler et al., 2017b). Therefore, using the dand5 MO 
in combination with other treatments allows one to dem- 
onstrate the specificity of the experiments, and, even more 
importantly, it allows one to place a particular gene function 
upstream or downstream of flow-induced dand5 inhibition. 
Any factor whose function is required for Dand5-mediated 
repression of Nodal should be rescuable by Dand5 knock- 
down. So far, such flow effectors are missing. Unfortunately, 
the best candidate available to date, pkd2, which encodes 
a critical calcium channel of the ciliary sensor complex 
(Yoshiba et al., 2012; Yoshiba and Hamada, 2014), is already 
required for the induction of the LRO anlage at blastula/gas- 
trula stages (Vick et al., 2009), preventing its analysis during 
flow stages. Together with yet-to-be-identified factors of the 
flow-induced signaling pathway, a more detailed picture of 
symmetry breakage is still missing. 


15.2.4. Post-TRANSCRIPTIONAL REGULATION 
OF THE DAND5 MRNA 


As in Xenopus, flow-dependent Dand5 repression in mouse 
and fish embryos was experimentally demonstrated by a 
left-sided reduction of dand5 mRNA (Hojo et al., 2007; 
Nakamura et al., 2012). In mouse, it was shown that dand5 
mRNA reduction was conveyed via its 3UTR in a flow 
dependent manner (Nakamura et al., 2012), indicating a 
post-transcriptional mechanism. However, timing and pen- 
etrance of dand5 asymmetry suggested that mRNA decay 
might not be the sole regulatory mechanism that controls 
Dand5 protein levels. This reasoning is backed by obser- 
vations in frog embryos. At late neurula stages (st. 19-21) 
dand5 asymmetry is most prevalently detected, although 
the Nodal cascade was already active in the left LPM 
(Schweickert et al., 2010). Thus, dand5 mRNA decay was 
too late to be functionally relevant. Also, the frequency 
of left-sided dand5 mRNA reduction is not complete and 
can be detected in 80% of wild type specimens at most, 
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whereas leftness at the level of asymmetric gene expres- 
sion and organogenesis was observed in 95% of cases. 
Obviously, these frequencies do not match, supporting 
the idea that flow-dependent and robust dand5 repression 
requires an additional process beyond detectable left-sided 
dand5 mRNA degradation. These observations prompted 
our hypothesis that flow sensation triggers a dand5 mRNA- 
specific post-transcriptional regulatory program, which acts 
through translational repression followed by mRNA decay 
(Maerker et al., 2020). 

Because the mechanisms by which the flow is sensed 
or by which the signaling pathway is initiated are unclear, 
we decided to tackle the problem from another perspec- 
tive and addressed the question of how dand5 is regulated 
in a flow-dependent manner. As outlined previously, post- 
transcriptional inhibition of dand5 mRNA translation was a 
very likely possibility, and we searched for factors that could 
provide this activity. We identified the RNA binding protein 
Bicaudal C (Biccl) as the crucial post-transcriptional regu- 
lator of dand5 (Maerker et al., 2020). To date, a variety of 
Biccl functions have been reported, ranging from repression 
to protection of mRNAs (Rothé et al., 2015; Tran et al., 2010; 
Zhang et al., 2014, 2013). Interestingly, Biccl was already 
implicated in LR asymmetry in mouse and frog because of 
its requirement to polarize flow-generating LRO cilia via 
planar cell polarity (Maisonneuve et al., 2009). However, 
biccl is co-expressed with dand5 and nodal in sLRO cells 
(Maisonneuve et al., 2009) and inhibits the translation of a 
reporter mRNA containing the dand5 Y UTR (Zhang et al., 
2013). We recently showed that 139 nucleotides of the most 
proximal dand5 3°UTR were sufficient to mediate Biccl 
regulation; we termed the sequence the Biccl responsive 
element (Bicc1RE; Maerker et al., 2020). In vivo, a target 
protector MO (tpMO), which blocks accessibility to the 
Bicc1RE, prevented left-sided Nodal cascade induction, sug- 
gesting that Biccl mediates dand5 repression. Remarkably, 
flow-dependent decay of dand5 mRNA was not affected by 
the tpMO, strongly suggesting that translation inhibition is 
central to Biccl function. We postulate that flow-induced 
signaling triggers a yet-unknown posttranslational modi- 
fication of Biccl that switches its activity towards trans- 
lational repression of dand5 (Figure 15.2; Maerker et al., 
2020). Interestingly, we demonstrated that Dicer, a ribo- 
nuclease that is critical for miR processing, was expressed 
in sLRO cells and is required for flow-induced dand5 
repression. In agreement, dicer morphants lack asymmetric 
Nodal cascade induction. We further showed that Biccl and 
Dicer acted in a synergistic manner, suggesting that both 
post-transcriptional mechanisms co-operate during sym- 
metry breakage (Maerker et al., 2020). Taken together, our 
Xenopus work provides a new framework for how symme- 
try breakage is implemented from cilia-generated leftward 
fluid flow to the asymmetric release of the Nodal morpho- 
gen. Surprisingly, post-transcriptional regulation is the ini- 
tial target of flow, which opens a new route for sophisticated 
analysis in the future. 
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FIGURE 15.2 Flow-induced post-transcriptional repression of dand5 determines laterality. The RNA binding protein Biccl is co- 
expressed with nodall and dand5 in sLRO cells. Flow-induced signaling modifies left-sided Biccl activity. Modified Biccl, in concert 
with Dicer, post-transcriptionally suppress Dand5 protein expression by interfering with mRNA translation and decay. Therefore, Nodal 
repression by DandS is lifted, which consequently determines the left body axis. 


15.2.5. EVOLUTION OF DANDS As FLOW TARGET 


Symmetry breakage using cilia motility very likely reflects 
the basic mechanism during deuterostomian evolution, as it 
is already present in sea urchins or tunicates (Blum et al., 
2009; Blum and Ott, 2018b). A flow-responsive Dand5- 
Nodal module, however, seems to be restricted to higher 
chordates (Kajikawa et al., 2020). Although Nodal function 
during LR patterning is conserved throughout the deutero- 
stomian tree of life and even beyond (Blum et al., 2014), a 
role for Dand5 has only been described in the cephalochor- 
date Branchostoma and most vertebrate model organisms 
(Blum et al., 2014; Zhu et al., 2019). However, potentially 
any Nodal inhibitor could theoretically be recruited for 
symmetry breakage, as long as its flow-dependent repres- 
sion can be ensured. We compared protein sequences of 
the LR-relevant Nodal signaling module components, 
consisting of ligand, inhibitor and receptor, from species 
with cilia-driven symmetry breakage versus a Wnt signal- 
ing pathway reference. Intriguingly, Nodal homologues 
expressed at the LRO and Dand5 differ quite substantially 
between vertebrate species, which is obviously counterin- 
tuitive given the importance and conservation of the pro- 
cess (Table 15.1). Of note, dand5 3’UTRs sequences are 
even more diverse, although flow-induced regulation should 
be conveyed by this sequence. In species that express mul- 
tiple Nodal genes, kin relations do not match with LR 
functions as well (Kajikawa et al., 2020). In contrast, the 
Nodal receptor Actvr2 or the Wnt3a ligand depict a high 
homology throughout the vertebrates, underscoring their 
conserved functions (Table 15.1). Multi-pathway inhibitors 
of the Cerberus family seem to generally show a high diver- 
gence, which is also observed for Dkk (Table 15.1). One 
might speculate that this could be the underlying reason for 
the rapid co-evolution of the Nodal/Dand5 module. To our 


knowledge, no systematic analysis of protein properties in 
a species-specific experimental setup has been undertaken 
so far. The Xenopus system would be particularly suited to 
characterize the sequence differences during LR develop- 
ment using a gain-of function approach. 

A percent identity matrix of the core LR signaling mod- 
ule, consisting of ligand (Nodal), secreted inhibitor (Dand5), 
and receptor (Acvr2b), with protein sequences from human 
(Homo sapiens, Has), mouse (Mus musculus, Mus), zebrafish 
(Danio rerio, Dre), frog (Xenopus laevis, Xla), and 
Branchiostoma (Branchiostoma floridae, Bfl), is compared 
with a reference module of the Wnt-signaling pathway. 
Surprisingly low sequence conservation of the LR-relevant 
morphogenes stands out. Sequences used as indicated by the 
accession numbers behind the species identifier. 


15.3. FUTURE DIRECTIONS AND 


IMPORTANT QUESTIONS 


Because of the increasingly efficient abilities to identify 
potential human disease genes, including genome sequenc- 
ing and computing power, vertebrate model organisms are 
central to functionally validate candidates. Here we describe 
the first asymmetric molecular events following cilia-based 
flow reception, leading to asymmetric signaling and finally 
resulting in post-transcriptional dand5 suppression. At any 
step, human mutations could occur, impacting LR asymme- 
try and potentially human health. This notion is underscored 
by the rare appearance of laterality defects in patients with 
pkd2 mutations, which is thought to be a central part of the 
ciliary sensor complex (Bataille et al., 2011). The same is 
true for patients with deleterious pkd/l/ variants (Vetrini 
et al., 2016), which are believed to complex with Pkd2 on 
the protein level (Field et al., 2011; Kamura et al., 2011). In 
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TABLE 15.1 
High Sequence Diversity of the Nodal-Dand5 Module 


LR Signaling Module 


Hsa Mmu Xla Dre Bfl 
Nodal 
~ Hsa (BC112025) 100.00 
5, Mmu(NM_013611) 80.12 100.00 
¿3 Xla(NM_001085796) 34.35 37.01 100.00 
Dre (AY240027) 35.20 36.70 43.19 100.00 
Bfl (XM_035814606) 30.63 30.88 28.17 31.20 100.00 
Dand5 
5 Hsa (NM_152654) 100.00 
E Mmu(NM_201227) 63.39 100.00 
= Xla(NM_001098726) 30.12 30.91 100.00 
Dre (NM_212969) 31.39 29.85 26.11 100.00 
Bfl (EU67025 31.74 29.17 27.96 23.79 100.00 
Acvr2b 
_ Hsa(NM_001106) 100.00 
á Mmu (BC106189) 99.41 100.00 
E Xla (NM_001090580) 82.32 82.28 100.00 
Dre (NM_131210) 79.37 79.13 79.72 100.00 
Bfl (XM_035801604) 63.10 63.22 62.82 61.88 100.00 


Reference Module 


Hsa Mmu Xla Dre Bil 
Wnt3a 
Hsa (AB060284) 100.00 
Mmu (NM_009522) 96.02 100.00 
Xla (NM_001085874) 84.09 84.66 100.00 
Dre (AY 613787) 85.23 85.51 87.78 100.00 
Bfl (AF361013) 63.92 64.77 66.19 63.01 100.00 
Dkk 
Hsa (NM_012242) 100.00 
Mmu (JN966751) 82.71 100.00 
Xla (NM_001085592) 56.57 54.12 100.00 
Dre (AB023488) 50.85 51.69 50.64 100.00 
Bfl (HM590023) 35.65 34.76 34.63 34.22 100.00 
Frdl 
Hsa (NM_003505) 100.00 
Mmu (NM_021457) 94.55 100.00 
Xla (NM_001085738) 85.79 85.97 100.00 
Dre (NM_001130614) 81.78 81.41 82.21 100.00 
Bfl (XM_035805275) 66.18 65.82 68.53 70.57 100.00 


addition, human dand5 mutations have been identified asso- 
ciated with congenital heart and laterality defects, including 
a point mutation in the dand5 coding region (Cristo et al., 
2017). However, based on our data, sequence mutations in 
the dand5 3"UTR could be medically relevant as well. We 
believe that Xenopus provides an excellent system in which 
to analyze nearly every stage of LR development with very 
good spatial and temporal resolution and unique experimen- 
tal approaches (Blum and Ott, 2019). The Xenopus embryo is 
therefore highly suitable for functional validation of human 
LR disease genes. 
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Congenital heart disease (CHD) is a class of developmental 
anomalies affecting the structure and function of the heart. 
CHD includes (1) septal defects (holes between chambers of 
the heart), (2) hypoplasia or hypertrophy (reduction or over- 
growth of cardiac tissues), (3) abnormal connection of the 
major vessels, (4) misorientation of the heart along the left- 
right axis, or (5) any combination of 1-4. Heterotaxy (HTX), 
a misorientation of internal organs across the left-right (LR) 
axis, particularly affects the heart, and many HTX patients 
suffer from a particularly severe form of CHD. It is critical 
to understand the pathogenic mechanisms that contribute 
to both CHD and HTX to improve patient care. Advances 
in sequencing technologies has expedited identification of 
CHD/HTX candidate genes, but we lack functional studies. 
Developmental and molecular studies of these candidate 
genes in Xenopus have uncovered surprising connections 
between cell and developmental pathways that contribute to 
the LR pathways that underlie CHD and HTX. These and 
future studies pave the way for improvements in develop- 
mental biology and CHD/HTX patient care. 
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16.1. HISTORICAL AND MEDICAL 


BACKGROUND OF CHD 


CHD and other congenital birth defects have been docu- 
mented for centuries (Afzelius 1977; Gelb 2015). Modern 
medicine brought on a new age of surgical therapies. 
Advances have improved patient diagnosis, survival, and 
outcomes. Deeper understanding of the mechanisms lead- 
ing to CHD can mitigate difficulties diagnosing the diseases 
on a purely phenotypic or genetic basis. 


16.1.1. THE Roots or CHD 


Scientists and physicians have documented CHD cases as early 
as the times of Leonardo DaVinci (Castañeda 2005). It wasn't 
until the mid-1800s and early 1900s that physician Thomas 
Bevill Peacock and pathologist Maude E. Abbot categorically 
organized a wide range of CHD case reports into distinct 
categories (Peacock 1858; Abbot 1915). Pediatric cardiologist 
Helen Brooke Taussig published the first CHD textbook, 
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Congenital Malformations of the Heart, in 1947. Her observa- 
tions of naturally occurring CHD in animals led to an effort to 
study cardiac development in other species to better understand 
human CHD pathology (Gelb 2015). All these early CHD sci- 
entists recognized the potential role of inheritance and linkage 
between CHD, arrested development, and non-cardiac devel- 
opmental disorders, including neurodevelopmental disorders 
(NDDs). Dr. Taussig and cardiologist John Maurice Hardman 
Campbell also observed that neither the pattern of genetic 
inheritance of CHD nor environmental causes of CHD could 
be simply explained, leaving them to suggest that genetic com- 
plexity could be at play (Gelb 2015; Taussig 1947). 

While some doctors and scientists worked to understand 
the underlying causes of CHD for future diagnosis and 
therapies, others were working on clinical strategies to ease 
more immediate patient suffering. 


16.1.2. SURGICAL INTERVENTIONS AND 
CLINICAL THERAPIES INCHD 


Dr. Daniel Hale Williams performed the first open-heart 
surgery in 1893 to repair a stab wound (Fenderson and 
Miller 1971). However, extracardiac corrective surgeries for 
CHD did not successfully take place until 1938 (Gross and 
Hubbard 1939), with further improvements by Dr. Taussig 
and her contemporaries in 1945 (Crafoord and Nylin 1945; 
Blalock and Taussig 1945). In order to correct the wider 
spectrum of CHD structural defects, surgeons needed 
access to the inside of the heart. To do so, they needed to 
stop the heart from beating, stop blood flow to the heart, and 
finally restart the heart to recover the patient. Eventually, 
surgeons developed methods for cardiopulmonary bypass 
using a pump and an external oxygenator, enabling them 
to stop the heart and, with cooling, also slow the patient’s 
metabolic requirements (Castaneda et al. 1984). With these 
advancements, surgeons were able to do open-heart surgery 
on patients for corrective rather than palliative procedures 
for internal cardiac defects. 

Further combination of palliative and corrective proce- 
dures drastically reduced hospital mortality rates due to CHD 
between the late 1950s and late 1990s (Castafieda 2005). Not 
only was this better for patient survival, but the now-single- 
week-long hospitalization reduced psychological, logistical, 
and financial impacts on patients and their families. 


16.1.3. DIFFICULTIES IN DIAGNOSING AND STUDYING CHD 


Although doctors achieved great innovations in surgical 
interventions, there is still much to improve. One vexing 
problem is the variability in outcomes for a given anatomi- 
cal diagnosis. Patients with CHD are cohorted based on 
cardiac anatomy. Based on surgical and peri-operative care, 
most patients with the same anatomy have similar clinical 
outcomes. However, some patients do more poorly than 
expected based on their anatomical diagnosis alone. We pro- 
pose that these outliers may relate through genotype rather 
than phenotype. 
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As sequencing technology has advanced, research- 
ers identify more candidate genes and unique alleles. 
Remarkably, many of these candidate genes have no known 
role in cardiac development, no role in embryonic develop- 
ment, or no identified role in biology. A greater number of 
unique alleles also complicates genotype/phenotype cor- 
relations and reduces genetic cohort sizes. This is due to 
the complexity of cardiac development, in which multiple 
genes are critical. Genetic studies of CHD patient cohorts 
have identified high rates of locus heterogeneity, or mutation 
contributions from multiple genetic loci (Fakhro et al. 2011; 
Zaidi et al. 2013; Homsy et al. 2015; Jin et al. 2017). This, in 
combination with the low rate of second alleles, makes it dif- 
ficult to demonstrate disease causality (Fakhro et al. 2011), 
creating a problem for identifying gene function. Therefore, 
there is a pressing need to discover gene function. 

The cohort size necessary to establish disease causality 
on a purely genetic basis is often too large to be practical 
and delays discoveries. We propose that the optimal solution 
is to initiate studies of candidate genes in high-throughput 
model systems. Importantly, a better understanding of the 
molecular mechanisms of CHD candidate genes will allow 
doctors and researchers to exploit genotype to inform care, 
prognosis, and risk of recurrence. 


16.2. PAST MOLECULAR AND GENETIC 
STUDIES CONTRIBUTING TO 
UNDERSTANDING CHD/HTX 


The prevalence and impact of congenital heart disease on 
infant health makes it important to understand in more 
depth. As of 2006, about 8 million, or ~ 6%, of total world- 
wide births were affected by a genetically or partly geneti- 
cally derived serious birth defect (Christianson, Howson, 
and Modell 2006). CHD is the most common birth defect, 
impacting about 20/10,000 live births in the United States 
(Mai et al. 2019). The CHD spectrum can range from severe 
cardiac structural defects at birth to minor abnormalities 
not identified until adulthood (Marino et al. 2012; Mussatto 
et al. 2014). Surgical correction of severe congenital cardiac 
anomalies is necessary to improve patient survival in about 
25% of CHD cases identified at birth (Virani et al. 2020). 
However, the patients that survive to adulthood may experi- 
ence additional health impacts seemingly unrelated to their 
CHD or surgery, such as infertility, pulmonary disease, neu- 
rodevelopmental disorders, and other non-cardiac congeni- 
tal defects (Homsy et al. 2015; Mussatto et al. 2014; Marino 
et al. 2012). 

HTX is a class of related birth defects that affects proper 
establishment of LR asymmetry of the internal organs. 
HTX affects 1/10,000 live births (Lin et al. 2014) and 3% 
of CHD patients, (Sutherland and Ware 2009) often leading 
to more severe forms of CHD. As the asymmetric orienta- 
tion and formations of the vessels and chambers of the heart 
are important for its normal function, about 90% of HTX 
patients also have CHD (Lin et al. 2014). This relation high- 
lights the importance of understanding CHD in the context 
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of earlier developmental pathways, such as LR patterning, in 
addition to cardiogenesis. 


16.2.1. Previous STUDIES OF VERTEBRATE 


CARDIOGENESIS IN XENOPUS 


Disruptions at various stages in early embryonic develop- 
ment can cause cardiac structural anomalies. Much work 
has gone into characterizing cardiac tissue specification 
and morphogenesis across many organisms. Several stud- 
ies on cardiac morphogenesis performed in Xenopus models 
have connected CHD patient variants directly with cardiac 
development. 

Vertebrate cardiac development follows a conserved 
developmental pathway. Briefly, the mesoderm is specified 
at gastrulation (Sater and Jacobson 1989). As the embryo 
elongates, mesodermal cardiac precursors migrate to the 
midline and specify into the cardiac progenitors of the first 
and second heart fields. The first heart field eventually forms 
the two atria and the trabeculated ventricle. The second heart 
field becomes the outflow tract (Buckingham, Meilhac, and 
Zaffran 2005; Gessert and Kühl 2009). 

Several known cardiogenesis genes originally discov- 
ered through genetic screens in model organisms and CHD 
patient genetic analyses have been studied in Xenopus. 
nkx2-5 and its co-factor gata4 have been associated with 
atrio-septal defects (ASDs) (Cleaver, Patterson, and Krieg 
1996; Durocher, Schwartz, and Nemer 1997; Schott et al. 
1998; Benson et al. 1999; Bartlett et al. 2007). msh-2 (nkx2— 
5) was originally identified in a screen for novel homeobox 
genes in Drosophila melanogaster (Bodmer, Jan, and Jan 
1990). The gene was renamed tinman (tin) in Drosophila 
due to fin mutants lacking cardiac primordia (Bodmer 
1993). Xenopus nkx-2.5, like tinman, is expressed in heart 
and gut tissues (Tonissen et al. 1994). The nkx2-5 co-factor 
gata4 was originally identified in a cDNA screen for novel 
GATA family members in Xenopus expressed in the devel- 
oping heart (Kelley et al. 1993). X. laevis studies showed that 
both nkx2—5 and gata4 overexpression resulted in embryos 
with enlarged hearts. Authors proposed that nkx2—5 and 
gata4 cause this myocardial hyperplasia through pathways 
involved in myocardial progenitor proliferation or recruit- 
ment (Cleaver, Patterson, and Krieg 1996). 

In contrast, the T-box family gene thx5 was first associ- 
ated with cardiac development via patient studies. Thx5 was 
initially identified in mice and was found to be expressed in 
early cardiac and forelimb tissues, but researchers focused 
on its role in limb formation (Gibson-Brown et al. 1996; 
Chapman et al. 1996). Patients with Holt-Oram syndrome 
(HOS) have defects in limb formation and cardiac septation. 
A study looking for the HOS gene mapped TBX5 within a 
deleted region of chromosome 12q2, the locus responsible for 
HOS (Basson et al. 1997; Mcdermott et al. 2005). Studies 
in Xenopus showed that both overexpression and knockdown 
of tbx3 was associated with heart tube formation abnormali- 
ties and heart-looping anomalies, loss of cardiac mass, and 
edema (Brown et al. 2005; Horb and Thomsen 1999). 
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Another T-box gene, tbx20, was identified in a screen for 
novel family members involved in FGF patterning of the 
mesoderm in developing zebrafish (Kevin J.P. Griffin et al. 
1998) and was found to be expressed in the same tissues as 
nkx2—5, gata4, and tbx5 (Griffin et al. 2000; Brown et al. 
2005). Families with TBX20 mutations present with cardio- 
myopathy, ASD, and mitral valve malformations (Kirk et al. 
2007). hrT (tbx20) knockdown in zebrafish causes abnormal 
cardiac chamber formation (Szeto, Griffin, and Kimelman 
2002). thx20 knockdown in Xenopus is associated with heart 
looping abnormalities, edema, and cardiac chamber differ- 
entiation, though specification of cardiac tissue is normal 
(Brown et al. 2005). 

Similar to tbx5, ets] was not directly associated with 
cardiac structuring until patients with a CHD-related syn- 
drome underwent genetic analysis. ETS] was initially iden- 
tified as a potential oncogene (Leprince et al. 1983). It was 
subsequently associated with cranial neural crest migration, 
vasculogenesis, immune cell differentiation, and endothelial 
differentiation (Meyer et al. 1997; Tahtakran and Selleck 
2003; Sumanas and Lin 2006; Barton et al. 1998; Wang 
et al. 2005). Later studies mapped ETS/ within the region 
of chromosome 11 that is affected in patients with Jacobsen 
syndrome, a syndrome that includes CHD (Penny et al. 
1995; Grossfeld et al. 2004; Ye et al. 2009). When investi- 
gated under in the context of Jacobsen syndrome, research- 
ers found that ets] is necessary for cardiac mesoderm and 
neural crest specification (Ye et al. 2009; Nie and Bronner 
2015). Studies in Xenopus found ets] to be expressed in 
several tissues, including neural crest and the developing 
heart (Meyer et al. 1997). Depleting efs/ in the mesoderm, 
cardiac mesoderm, or cardiac neural crest leads to loss of 
endocardial specification, poor cardiac morphogenesis (sin- 
gle-chamber heart, no trabeculation, and no aortic septation) 
due to delayed heart tube formation, and small malformed 
outflow tracts, respectively (Nie and Bronner 2015). These 
CHD genes and the roles they play in cardiac morphogenesis 
account for only a small portion of genes and mechanisms 
identified in CHD patients. More recently identified candi- 
date genes may have unknown functions or unpredictable 
roles in development prior to or in conjunction with cardiac 
morphogenesis. 


16.2.2. IDENTIFYING ADDITIONAL CANDIDATE CHD Genes 


Analysis of large CHD/HTX patient cohorts using genotyp- 
ing microarrays and whole exome sequencing (WES) has 
identified many new candidate genes. We can efficiently 
identify copy-number variants (CNVs) with genotyping 
microarrays (Alkan, Coe, and Eichler 2011). CNVs are a 
type of genetic perturbation that involves duplications or 
deletions that can span multiple genes. In such cases, it can 
be difficult to pinpoint disease causality to one or more 
genes. 

An early study of CNVs from HTX patients discovered 
36 relatively small CNVs affecting 61 genes. Morpholino 
knockdown of a subset of these genes in Xenopus tropicalis 
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recapitulated HTX phenotypes. All of these genes also 
showed perturbations of LR patterning prior to cardiac 
morphogenesis (Fakhro et al. 2011). This early analysis of 
genetic contributions to HTX supported the need to cast a 
wider net to identify a greater number of rare HTX and CHD 
candidate genes to better understand CHD/HTX etiology. 

As costs of next-generation whole genome and exome 
sequencing have decreased dramatically over the past 
decade, it has become more feasible than ever to use these 
approaches for identifying gene candidates. The National 
Heart, Lung and Blood Institute (NHLBI)’s Pediatric 
Cardiac Genetic Consortium (PCGC) exploited whole 
exome sequencing to do just that. The PCGC performed 
de novo mutation analysis with WES in cases in which 
patient-parent trios were available. Researchers looked for 
high-probability single base pair substitutions and small 
INDELs present in patient samples that were not present 
in parent samples that are rare and deleterious (nonsense, 
frameshift, splice-site, or damaging amino-acid altering 
missense mutations). Additional single-nucleotide polymor- 
phism (SNP) array analysis has helped identify rare CNVs 
potentially contributing to patient CHD (Pediatric Cardiac 
Genomics Consortium et al. 2013). Multiple alleles for can- 
didate genes began to emerge over the duration of the study 
from 2010 to 2015: 66 genes had two or more damaging de 
novo mutations, and 19 had two or more loss-of-function 
de novo mutations. Although this is a good starting point, 
much work remains to identify a more comprehensive list 
of CHD candidate genes. The most recent analysis of the 
PCGC study found that larger cohort sizes (10,000 patients) 
predict capture of 38% of CHD gene candidates (Jin et al. 
2017). Therefore, patient cohort recruitment, genetic analy- 
sis, and mechanistic studies in model organisms will further 
improve our understanding of CHD/HTX. 


16.3. APPROACHES TO STUDYING 
CHD/HTX IN XENOPUS 


Following the identification of genes from CHD/HTX 
patients, it is critical to identify plausible mechanisms that 
lead to pathogenesis. Xenopus is a great model organism to 
study CHD/HTX candidate genes in early development. 


16.3.1. MORPHOLOGICAL AND DEVELOPMENTAL BENEFITS 


OF STUDYING CHD/HTX IN XENOPUS 


Xenopus are particularly useful for applying high-through- 
put genetic screening techniques for analyzing CHD/HTX 
candidate genes for a variety of reasons. First, due to their 
external development and transparency during organogen- 
esis, researchers can easily view the developing heart and 
internal organs without dissection. Additionally, with opti- 
cal coherence tomography (OCT), rapid high resolution 
internal anatomy of the heart is easily defined (Deniz et al. 
2017). The Xenopus heart is structurally similar to that of 
humans: it has two atria separated by a septum, a single tra- 
beculated ventricle, and an outflow tract. Because the fate 
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map of the early blastula embryos is well mapped, it is easy 
to target manipulations to specific subsets of cells via micro- 
injection of mRNAs, antisense morpholino oligonucleotides 
(MOs), or CRISPR/Cas9-mediated genome editing. For 
example, an investigator can target one cell of the two-cell 
embryo and subsequently select embryos in which the right 
or the left side of the embryo is manipulated. This is unique 
to Xenopus and is especially powerful for analyzing LR pat- 
terning (Blum et al. 2009). 


16.3.2. Usinc CRISPR/Cas9 GENOME EDITING 


AS A SCREENING TOOL IN XENOPUS 


CRISPR/Cas9 genome editing is perhaps the most important 
recent technology for using X. tropicalis as a tool for high- 
throughput screening. X. tropicalis has a diploid genome 
(Offield, Hirsch, and Grainger 2000), making it ideal for 
CRISPR/Cas9 genome editing and establishment of mutant 
lines. There are multiple tools for designing sgRNAs and 
making sgRNAs efficiently that work very well for Xenopus. 
In addition, commercially available Cas9 protein makes 
generating FO knockouts quick, easy, and affordable, thus 
enabling genetic screens. Once researchers identify candi- 
date genes from patients, researchers can use CRISPR/Cas9 
for preliminary screening of developmental defects and con- 
tinue using it as a tool to probe the cell and molecular impacts 
of the gene in development (Bhattacharya et al. 2015). 


16.3.3. LeFt-RIGHT PATTERNING: A BEAUTIFUL PATHWAY TO 


Guip—E CHD/HTX Disease MECHANISM ANALYSIS 


The interrelation between CHD and HTX highlights the LR 
patterning pathway as a powerful guide to begin analyzing 
CHD/HTX gene candidates on a developmental timeline. 
Briefly, LR patterning begins early in embryonic develop- 
ment at the left-right organizer (LRO), where beating of 
motile cilia create a unidirectional leftward extracellular 
fluid flow (Schweickert et al. 2010; Minegishi et al. 2017). 
When the flow is sensed by immotile cilia at the periphery of 
the LRO, the signal results in downregulation of the initially 
symmetric Nodal antagonist, dand5, on the left side of the 
LRO (Blum et al. 2009). Repression of dand5 allows Nodal 
signaling on the left side. This left-sided Nodal signaling at 
the LRO is communicated to the left lateral plate mesoderm, 
which results in left-sided expression of pitx2c (Blum et al. 
2009; Schweickert et al. 2010; Desgrange, Le Garrec, and 
Meilhac 2018). Lateral pitx2c expression then defines asym- 
metric LR heart and organ orientation (Ryan et al. 1998). 
Conveniently for study, each stage of the LR cascade has an 
informative marker: cardiac looping, pitx2 expression, and 
dand5 expression. Pinpointing the candidate gene’s role in a 
characterized developmental pathway is particularly impor- 
tant for studying genes with no known function in early 
development. 

Several developmental signaling pathways are critical for 
proper establishment of the LRO and for relaying signals later 
in this LRO pathway. Canonical Wnt is necessary for LRO 
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tissue patterning and ciliogenesis (Zhang et al. 2012) and 
pitx2c expression in the cardiac neural crest (Kioussi et al. 
2002). Non-canonical Wnt/planar cell polarity (PCP) path- 
ways contribute to cilia polarization in the LRO (Minegishi 
et al. 2017). Notch signaling establishes the immotile:motile 
cilia ratio in the LRO (Boskovski et al. 2013) and is impor- 
tant for nodal expression (Raya et al. 2003; Krebs et al. 
2003). BMP signaling regulates right-side identity establish- 
ment (Ocaña et al. 2017), whereas Nodal signaling is impor- 
tant for left-side identity establishment (Schweickert et al. 
2010; Desgrange, Le Garrec, and Meilhac 2018). Disruption 
of the cellular mechanisms underlying any of these path- 
ways could result in disastrous LR patterning and subse- 
quent disruptions in visceral organ and cardiac structure and 
organization. 


16.4. PATIENT-DERIVED CHD DISEASE 
MECHANISMS UNCOVERED IN XENOPUS 


Researchers have used the strategies described previously to 
identify and study the roles of CHD candidate genes in early 
embryonic development. This section will highlight several 
studies of the roles of several CHD candidate genes. 


16.4.1. CONNECTING KNOWN PATHWAYS IN A New 


CONTEXT: GLYCOSYLATION IN NOTCH 
SIGNALING AND CILIA CELL FATE DETERMINATION 


CHD candidate genes may be involved in well-defined path- 
ways, such as Notch signaling or glycosylation. However, 
the role of these pathways in early embryonic development 
and CHD/HTX is often unexplored or poorly understood. 

One such CHD candidate, galntl1, was identified as 
a CNV deletion in a HTX patient (Fakhro et al. 2011). 
galntll is a member of the protein family necessary for 
the O-glycosylation of N-acetylgalactosamines (GalNAc) 
(Bennett et al. 2012). The role of Galntll or GalNAc 
O-glycosylation had not yet been studied in the context 
of embryonic development, and at the time, no targets of 
galntl] were known. In order to investigate its role in 
CHD/HTX, investigators depleted galnt!1 in X. tropicalis 
embryos. These embryos had abnormal gut and heart loop- 
ing (Fakhro et al. 2011; Boskovski et al. 2013), indicating 
galntl Ps role in LR organ situs. Investigating earlier steps in 
the LR-pathway revealed that both pitx2c and dand5 expres- 
sion were abnormal, suggesting a defect in cilia at the LRO. 

As a proxy to cilia in the LRO, the authors investigated 
the multiciliated cells of the embryonic epidermis. They did 
not find any abnormalities in the cilia structure in these cells. 
However, careful inspection revealed a dramatic increase in 
number of multiciliated cells after galnt11 depletion. In con- 
trast, overexpressing galnt!1 reduced the number of multi- 
ciliated cells. This phenotype was also seen when the Notch 
pathway was manipulated (Liu et al. 2007; Ma and Jiang 
2007; Tsao et al. 2009). Thus, the authors proposed that 
galntl] may work through Notch signaling to affect multi- 
ciliated cell number. 
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In Notch signaling, extracellular ligands, Delta or Jagged, 
bind to the Notch receptor, causing physical changes to the 
receptor that make it amenable to extracellular cleavage by 
the ADAM metalloprotease; this initiates an intracellular 
cleavage by Y-secretase and releases the Notch Intracellular 
Domain (NICD). NICD then translocates into the nucleus 
and binds to target genes via an interaction with the CSL 
transcription complex. NICD and a constitutively active CSL, 
but not Delta, rescued LR phenotypes in galnt!1-depleted 
embryos. This suggested that galntl1 impacts LR patterning 
through the Notch pathway at a step between binding of the 
extracellular ligand and NICD release into the cytoplasm. 

Could the Notch receptor be a target of Galnt11? Previous 
studies had demonstrated that Notch is glycosylated, but not by 
a GalNac type glycosylation enzyme. The authors used mass 
spectrometry on the Notch extracellular domain peptides and 
an in vitro glycosylation assay to identify potential GalNac 
O-glycosylation sites. One of the three identified target sites 
is adjacent to the extracellular ADAM cleavage site. In previ- 
ous work, GalNac glycosylation near a cleavage site generally 
prevented cleavage of the pro-peptide. However, in this case, 
Galnt11 appeared to enhance Notch signaling (loss of Galnt11 
mimicked a loss of Notch phenotype, and gain of Notch res- 
cued loss of galnt11 phenotypes). Unlike previous studies, in 
the case of the Notch receptor, Galnt11 glycosylation enhanced 
cleavage. This supports the interpretation that Galntll 
O-glycosylation of this adjacent site is important for proper 
Notch receptor processing, signaling, and LR patterning. 

An important question is: How does Galntl1 and Notch 
signaling impact LR patterning? Previously, a two-cilia 
model had been proposed for vertebrate LR axis determi- 
nation (McGrath et al. 2003; Tabin and Vogan 2003). The 
model proposed that one class of cilia in the LRO are respon- 
sible for generating flow, while another is required for sens- 
ing and translating that flow-based signal. However, how the 
LRO establishes both motile and immotile cilia was simply 
unknown. Because galnt/1/Notch loss-of-function produced 
phenotypes that suggested a loss of cilia sensing, whereas 
galntl1/Notch gain-of-function led to phenotypes suggest- 
ing loss of cilia motility, the authors hypothesized that Notch 
may act as a switch between motile and immotile cilia types, 
which could solve a long-standing mystery in the two-cilia 
model. Using live cell imaging, the authors found that Notch/ 
Galntl1 signaling altered the balance between motile and 
immotile cilia. Ultimately, the authors not only identified the 
role of galntll in CHD/HTX pathogenesis but also uncov- 
ered a previously unknown pathway for regulating Notch 
signaling and the subsequent cilia distribution required for 
regulation of the LR patterning (Boskovski et al. 2013). 


16.4.2. UNCOVERING Nove ROLES FOR WELL- 
STUDIED GENES: NUCLEOPORINS IN 
CILIA AND CENTROSOMAL BIOLOGY 
Some CHD candidate genes have well-studied cellular func- 


tions that researchers may not have looked at in the con- 
text of early embryonic development. When development is 
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disturbed, it may reveal unexpected roles for these genes. 
One such well-studied family is the Nucleoporins (Nups). 
Nups are proteins that make up the approximately 100 
Megadalton (MDa) nuclear pore complexes (NPCs), which 
are the gatekeepers for transport in and out of the nucleus 
(Viso et al. 2016). The PCGC identified patient mutations 
in several Nups (Jin et al. 2017), found in various NPC sub- 
structures. However, since nuclear transport is fundamental 
for all cells, how can altering it be associated with CHD/ 
HTX, as opposed to organism survival? 

The first CHD/HTX candidate Nup studied in depth for 
its role in early development is Nup188, which was identified 
via CNV analysis (Fakhro et al. 2011). The investigators first 
explored the role of Nup188 in organ situs. Its knockdown 
via translation-blocking morpholino led to abnormal heart 
looping, gut looping, and pitx2c expression (Fakhro et al. 
2011). However, how does Nup188 regulate LR patterning? 
Nup188 is a component of the inner ring of the nuclear pore 
complex and binds directly to Nup93. Therefore, the inves- 
tigators depleted Nup93 to see if it recapitulated the phe- 
notypes in Nup188 depletion, and indeed, it did (Viso et al. 
2016). This appeared specific to the inner ring, as depletion 
of components of the outer ring and the central transport 
channel did not recapitulate Nup188 depletion phenotypes. 
Thus, the inner ring Nups specifically play a role in heart 
looping. 

To look more deeply at this mechanism, the authors made 
a surprising observation. Embryos depleted of Nup93 and 
Nup188 did not glide along the surface of a Petri dish, unlike 
their wild-type siblings. Multiciliated cells on the embry- 
onic epidermis beat and create extracellular fluid flow that 
drives this gliding. By immunohistochemistry, most cilia 
in these cells were depleted. This was also true of the cilia 
in the LRO. The authors therefore demonstrated that inner- 
ring Nup188 and Nup93 are uniquely important for cilia 
structure, as their depletion led to dramatic changes in cilia 
structure. However, gross nuclear pore number, structure, 
and function appeared intact. While the authors could not 
eliminate the possibility of a subtle defect, the authors began 
to look for mechanisms of how inner-ring Nups might affect 
cilia structure independently of nucleocytoplasmic transport 
and NPC structure. 

If inner-ring Nups do not affect cilia structure via nucleo- 
cytoplasmic transport, what else could they affect? Previous 
studies showed that NPC substructures can have functions 
outside of the NPC (Belgareh et al. 2001; Loiodice et al. 
2004; Hashizume et al. 2013; Itoh et al. 2013). One study 
proposed a model for a “ciliary pore complex” similar in 
function to the NPC that provides a size-selective barrier 
for entry of proteins into the ciliary axoneme (Kee et al. 
2012). However, the evidence supporting this model has 
been disputed (Breslow et al. 2013). With this in mind, the 
authors investigated whether inner-ring Nups localize at the 
base of cilia. Immunofluorescence imaging of endogenous 
Nup93 and Nup188 in retinal pigmented epithelial (RPE) 
cells revealed their accumulation near the basal-bodies, 
while other non-inner ring Nups did not. This suggests that 
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Nup188 and Nup93 have a role independent of the NPC at 
cilia and that NPC components normally needed to create 
the NPC diffusion barrier do not localize at the base of cilia, 
contradicting the “ciliary pore complex” model. 

To visualize the structure of the inner-ring Nups at the 
base of cilia, the authors used super-resolution microscopy 
to visualize Nup93 and Nup188 structures at the ciliary 
base. Nup188 and Nup93 clustered in much smaller puncta 
(about 50 nm), contradicting the 100-nm ring prediction for 
a ciliary pore. In fact, these small clusters distributed in a 
pattern around the basal bodies in two barrel-like struc- 
tures, a pattern congruent with the pericentriolar material 
(PCM) surrounding mother and daughter centrioles (Viso 
et al. 2016). This surprising discovery indicated that deple- 
tion of Nup188 contributes to CHD/HTX by disrupting the 
formation of cilia needed to establish proper LR patterning 
through a novel role in ciliary and centrosomal biology. This 
study that began with a CHD patient opened a new avenue 
to explore connections between Nups, centrioles, and cilia 
(Vishnoi et al. 2020). 


16.4.3. EXPLORING OLD MYSTERIES IN 
DEVELOPMENTAL CELL SIGNALING 


Linking CHD/HTX variants to a developmental phenotype 
is often the starting point for achieving a better understand- 
ing of basic biological questions. Sometimes these questions 
can lead to a novel perspective on long-standing questions, 
for example, the nuclear transport of B-Catenin, a key effec- 
tor of the Wnt signaling pathway. During Wnt signaling, 
Wnt ligand binding leads to sequestration of the B-Catenin 
degradation complex so that B-Catenin is stabilized and 
can accumulate and enter the nucleus to activate Wnt target 
genes. In fact, the tight regulation of B-Catenin is essential, 
and its overexpression contributes to context-dependent dis- 
eases: in the context of the early embryo, excessive ectopic 
ventral Wnt signaling can lead to a double axis (a conjoined- 
twin embryo) and in adult cells to cancers. 

P-Catenin uses facilitated transport to enter the nucleus 
independent of Importin a/B1. Remarkably, previous studies 
indicated that B-Catenin nuclear transport was independent 
of Ran, the master regulator of facilitated nuclear transport 
that employs nuclear transport receptors (Fagotto, Gliick, 
and Gumbiner 1998; Yokoya et al. 1999). However, nuclear 
transport was energy dependent, which led to the hypothesis 
that either (1) B-Catenin binds directly to the NPC via sev- 
eral Armadillo (ARM) repeats and acts as its own nuclear 
transport receptor (NTR) (Fagotto, Gliick, and Gumbiner 
1998), or (2) B-Catenin employs another GTPase that is not 
Ran. However, evidence for a direct interaction between 
B-Catenin and the NPC is disputed (Sharma et al. 2014; Suh 
and Gumbiner 2003). While the negative data mounted, a 
fundamental question with major impact for a host of Wnt- 
related diseases remained: How does B-Catenin enter the 
nucleus? 

A guanine nuclear exchange factor, RAPGEFS5, was 
identified as a CHD/HTX candidate (Fakhro et al. 2011), 
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but no role for it in embryonic development was known 
(Griffin et al. 2018). Depleting rapgef5 in X. tropicalis 
embryos led to abnormal cardiac looping similar to the 
patient phenotype, suggesting a role in early development. 
Indeed, rapgef5 depletion also affected earlier markers 
of LR patterning, pitx2 and dand5. However, unlike the 
two previous examples of CHD candidate genes, rapgef5 
depletion reduced dand5 expression even before the com- 
mencement of cilia-driven flow. This suggested that rap- 
gef5 depletion affected the specification of the LRO prior 
to cilia-driven signaling. 

The LRO is a transient mesodermal structure that is 
overlaid by the endoderm as gastrulation is completed. 
Therefore, any defects in gastrulation or formation of the 
mesoderm can affect the formation of the LRO and LR sig- 
naling. As depletion of rapgef5 affected the formation of the 
LRO, investigators examined other markers of the meso- 
derm and found that most were normal, except the known 
Wnt responsive genes foxj/ and nodal3.1. These results indi- 
cated that rapgef5 likely disrupts LRO patterning and subse- 
quent LR patterning by impacting Wnt signaling. Consistent 
with this finding, rapgef5 depletion reduced embryonic 
B-Catenin levels. Given the many genes involved in trans- 
ducing the Wnt signal into the cell and the degradation of 
B-Catenin, the investigators sought to determine if Rapgef5 
affects one of these steps. To do so, they took advantage of 
the fact that ectopic ventral expression of P-Catenin induces 
a secondary axis in Xenopus embryos. Depleting rapgef3 
in embryos in which wild-type P-Catenin was ectopically 
expressed reduced the number of embryos with secondary 
axes. Repeating this experiment with a mutated P-Catenin 
such that it could not be phosphorylated by the P-Catenin 
degradation complex and then degraded showed that 
RAPGEPS blocked the formation of secondary axes, sug- 
gesting that rapgef5 functions downstream of B-Catenin 
degradation. Repeating this experiment with a P-Catenin 
containing the Importin a/B1-dependent nuclear localization 
signal prevented rapgef from blocking secondary axis for- 
mation. These experiments indicate that rapgef5 plays a role 
in B-Catenin nuclear transport. 

Based on these results, a model for a Rap-based 
nuclear transport system was proposed. In support of 
this model, endogenous Rapgef5 protein and active Raps 
were found to localize to the nucleus, and Rapl physi- 
cally interacted with B-Catenin. Overexpressing consti- 
tutively active Raplb rescued reduced foxj/ expression in 
rapgef5-depleted gastrulae, whereas a dominant-negative 
permanently GDP-bound Raplb did not. Taken together, 
these results support the existence and utilization of an 
alternate energy-dependent nuclear transport pathway by 
which P-Catenin can access the nucleus independently 
of the classical Importin a/Bl-mediated Ran-dependent 
nuclear transport pathway (Griffin et al. 2018). Though 
this began with a CHD/HTX candidate gene, the develop- 
mental study of rapgef5 opened the door to re-evaluating 
the P-Catenin nuclear transport pathway, with implica- 
tions for other signaling effectors. 
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16.4.4. SHARED MOLECULAR PATHWAYS FOR MULTIPLE 
DISEASES: NEURODEVELOPMENTAL DISORDERS, 
CRANIOFACIAL ABNORMALITIES, AND CHD 


An important finding from these studies inspired by patients 
is that genes thought to have fundamental functions in cell 
biology can have remarkably tissue-specific effects in human 
congenital malformations. For example, ribosomopathies 
can lead to craniofacial malformations, a far cry from the 
expectation that ribosomes are essential for protein produc- 
tion in all cells and therefore cell viability. Here we describe 
the role of protein folding that affects many tissues but due 
to a specific effect on a remarkable population of cells called 
the neural crest that affects cardiac development. 

Variants in the gene encoding the endoplasmic reticulum 
membrane protein complex subunit 1 (EMCI) were initially 
identified in a patient with retinitis pigmentosa (Abu-Safieh 
et al. 2013) and later expanded to include patients with neu- 
rodevelopmental defects, visual impairments, craniofacial 
abnormalities, and CHD (Harel et al. 2016; Geetha et al. 
2018; Homsy et al. 2015; Jin et al. 2017). The variants for 
this broad cohort appear to be randomly dispersed across 
the gene. Given that EMCI! is critical for the folding of multi- 
pass transmembrane proteins, how do we explain these phe- 
notypes? This was first investigated by depleting emcl in X. 
tropicalis and cataloging any developmental defects in the 
resulting embryos. Defects in craniofacial cartilage develop- 
ment, cardiac outflow tract diameter, and embryo motility 
were seen, recapitulating many of the patient phenotypes. 
While wild-type human EMC] mRNA rescued each of 
these phenotypes in depleted embryos, mRNAs containing 
patient variants did not, supporting the role of EMCI defects 
in each of these patient’s disease manifestations (Marquez 
et al. 2020). 

Craniofacial, neural, and cardiac progenitors are derived 
from the neural crest cells (NCCs). Indeed, emc/ morphants 
and embryos expressing disease variants had defects in NCC 
gene expression and migration. 

Label-free quantitative mass spectrometry (LFQMS) of 
emcl morphants compared to WT embryos revealed a loss 
of proteins in the Wnt pathway, which is a critical pathway 
for NCC specification (Dorsky, Moon, and Raible 1998; Maj 
et al. 2016). As EMCI plays a role in regulating multi-pass 
membrane proteins, an obvious candidate was the Frizzled2 
receptor (Fzd2). Immunofluorescence microscopy in RPE 
cells after siRNA-mediated emcl depletion revealed a loss 
of membrane bound Fzd2 and Fzd7 and an increase in an 
intracellular punctate signal characteristic of misfolded pro- 
teins. These results suggested that the NCC defects in emcl- 
depleted embryos may be due to defects in proper folding 
and membrane integration of Fzd receptors. In support of 
this, when B-Catenin was expressed in NCCs, the loss of 
neural crest specification was rescued. 

In addition to the NCC-related defects, several patients 
with EMCI mutations also had visual impairments and 
neurodevelopmental defects. Rhodopsin and the nico- 
tinic acetylcholine receptor (nAChR) are also multi-pass 
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membrane-bound proteins important for vision and neural 
function, respectively. As predicted, emc/ depletion in RPE 
cells led to mis-localized rhodopsin and nAChR. EMC] 
patient phenotypes can therefore be explained by the defects 
in proper localization of these functionally important multi- 
pass transmembrane proteins during development (Marquez 
et al. 2020). 


16.5. WHERE TO GO FROM HERE? THE FUTURE 
OF STUDYING CHD IN XENOPUS 


With estimates of 10,000 patient-parent trios needed to 
achieve 80% saturation of genes associated with syndromic 
CHD cases (Jin et al. 2017), there is much more work to 
be done identifying new candidate genes, connecting their 
contributions to CHD/HTX, and understanding the role 
each gene plays in CHD/HTX etiology. Both clinicians 
and scientists benefit as they learn more about the genetic, 
molecular, and cellular mechanisms underlying the etiology 
of CHD/HTX. Clinicians will have access to an increas- 
ing list of studied CHD/HTX genes they can refer to when 
admitting, diagnosing, and treating new CHD patients. 
The list, along with basic science research of underlying 
molecular mechanisms, can help improve targeted patient 
care, potentially predict whether a patient may have undi- 
agnosed extracardiac issues, and guide preventative care for 
CHD comorbidities/shared etiologies with other anomalies 
and neurodevelopmental disorders. These combined efforts 
also will aid genetic counseling of couples for their family 
planning. 

Continued recruitment and genomic analysis of patients 
will continue to provide researchers with new genes to gain 
better insights into human health, development, and basic 
cell biology. These developmental phenotype and mechanis- 
tic studies provide scaffolding for asking new lines of ques- 
tions understudied in developmental biology. Such questions 
shed light on shared molecular pathways between CHD/ 
HTX and associated diseases, new molecular functions of 
understudied genes, and unexpected roles of known mol- 
ecules in development. 
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17.1. WHAT IS CRANIOFACIAL DEVELOPMENT? the head and face (Twigg and Wilkie 2015), and more than 


The term craniofacial is used to define the bones of the 
cranium (head) and the face, and the abnormalities associ- 
ated with it are known as craniofacial anomalies (CFAs). 
The craniofacial complex is a three-dimensional structure 
consisting of the cranium, sense organs (i.e. eyes, ears, 
nose, tongue), mouth, facial bones, connective tissue, and 
the peripheral nerves (Wilkie and Morriss-Kay 2001; Chai 
and Maxson 2006). In humans, initial facial development 
extends from week 3 to week 12 of gestation (Som and 
Naidich 2013). The formation of the head and face involves 
a series of coordinated events that include the primary 
embryonic tissues, ectoderm, endoderm, and mesoderm, 
using multiple signaling cues to regulate proliferation, 
migration, and differentiation. A population of cells termed 
neural crest gives rise to the skull, face, jaw, and cartilages 
of ears and nose. Craniofacial development is susceptible 
to genetic and environmental perturbations, with orofacial 
anomalies appearing in | of 700 live births (Yoon, Pham, 
and Dipple 2016), while craniofacial anomalies result in 
approximately one-third of all congenital birth defects of 
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700 distinct craniofacial anomalies have been identified 
thus far (Terrazas et al. 2017). 


17.2. XENOPUS AS A MODEL FOR 
CRANIOFACIAL DEVELOPMENT 


In Xenopus, embryos develop externally to the mother, and 
the facial primordium is readily visible, facilitating live mor- 
phological observations and imaging. Since frog genes are 
conserved with those of mammals, application of molecular 
gain and loss-of-function assays and the rapid development of 
embryos make assays rapid and accessible to imaging. Large 
clutches of at least 500 eggs make for significant sample sizes. 
Loss-of-Function (LOF) can be elicited by injecting antisense, 
morpholino-oligonucleotides (MOs) into the one- to two-cell 
embryos (Nutt et al. 2001), using RNAi (Nakano et al. 2000), 
and inserting mutations obtained through CRISPR-mediated 
gene editing, including analysis of FO animals (Nakayama et 
al. 2013; Guo et al. 2014; Willsey et al. 2018). We have devel- 
oped a technique to limit LOF or gain-of-function (GOF) to 
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the extreme anterior domain (EAD) through facial transplants 
(Jacox, Dickinson, and Sive 2014). GOF can be temporally 
restricted using heat shock constructs in transient transgenic 
embryos (Dickinson and Sive 2009). These features make 
Xenopus an excellent model system. 

One key question is whether the frog is a faithful model 
for human face development. Overall, it appears that verte- 
brate craniofacial development is well conserved (Brugmann 
et al. 2007; Blum, Schweickert et al. 2014; Blum, Feistel et al. 
2014). The steps in Xenopus face formation appear similar 
to those described in mouse, chicken, and zebrafish systems 
(Szabo-Rogers et al. 2010; Mork and Crump 2015; Chen 
et al. 2017; Fish 2019). In frogs and mammals, craniofacial 
development involves migratory neural crest in conjunc- 
tion with endoderm and mesoderm. These tissues form the 
pharyngeal or branchial arches, and a series of prominences 
originate from these to form the different regions of the face 
(Gilbert 2010). The mouth forms at the center of the promi- 
nence originating from the first pharyngeal arch but does not 
include tissue from the neural crest (Jacox, Sindelka et al. 
2014). The early stages of face formation that can be readily 
studied in frogs are difficult to study in mammals, as the 
developing face is obscured by the large forebrain. Although 
it is true that every animal develops somewhat differently, 
the frog system allows for greater insight than any other sys- 
tem and is one of the most accessible vertebrate models for 
analysis of craniofacial development. Assays, ideas, and new 
signaling connections can suggest productive approaches in 
amniote models and contribute new information to the cra- 
niofacial community. As we will explore, Xenopus laevis 
and Xenopus tropicalis are yielding insights into craniofa- 
cial anomalies, informing underlying mechanisms and diag- 
nosis of affected people. 


17.3. CELLS THAT MAKE UP THE CRANIOFACIAL 
SKELETON: THE NEURAL CREST 


We present here a concise view of neural crest cell contribu- 
tion to craniofacial development. 


17.3.1. NEURAL Crest CELLS— 


CONTRIBUTIONS FROM XENOPUS 


Much of the craniofacial skeleton arises from neural crest 
cells (NCCs). These are multipotent cells that arise at the 
border between the neural and the non-neural ectoderm 
during neural tube formation. Formation of the NCCs is 
initiated at gastrulation by induction of neural crest pro- 
genitors at the neural plate border (NPB) (LaBonne 1998; 
Aybar and Mayor 2002). As the neural plate closes to form 
the neural tube, neural crest progenitors delaminate, lose 
their epithelial nature, and become migratory mesenchymal 
cells. Migratory NCCs divide into four major populations 
based on their position, the cranial, cardiac, vagal, and trunk 
neural crests, with each contributing to distinct cell and tis- 
sue populations (Trainor 2014). Much understanding of 
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molecular mechanisms leading to NCC formation and dif- 
ferentiation has come from studies in Xenopus (reviewed in 
(Meulemans and Bronner-Fraser 2004; Betancur, Bronner- 
Fraser, and Sauka-Spengler 2010; Klymkowsky, Rossi, and 
Artinger 2010; Barriga et al. 2015)). 


17.3.2. CRANIAL NEURAL Crest CELLS 


The cranial neural crest (CNC) population gives rise to 
craniofacial structures under the action of multiple sig- 
naling pathways and transcription factors (Figure 17.1A). 
Subsequent to initial induction of CNC, migrating cranial 
neural crest cells arising from the first arch and frontona- 
sal ectodermal zone give rise to the bones of the head and 
face (Figure 17.1B). Signaling events between the neural 
crest, ectoderm, and endoderm regulate cranial neural crest 
migration (Olesnicky Killian, Birkholz, and Artinger 2009; 
Theveneau and Mayor 2010; Theveneau et al. 2010; Kalcheim 
2018; Duband 2006), proliferation, and differentiation into 
cartilage and bone (Jandzik et al. 2014; Monsoro-Burq 2015; 
Green, Simoes-Costa, and Bronner 2015; Shao et al. 2015; da 
Costa, Trentin, and Calloni 2018). Defects in signaling path- 
ways between the ectoderm, endoderm, and neural crest are 
associated with craniofacial anomalies in humans (Trainor 
2010; Huh and Ornitz 2010; Curtin et al. 2011). Cranial neu- 
ral crest cells are further subdivided into forebrain, midbrain, 
and hindbrain sub-populations. Gradients of FGF, BMP, and 
WNT proteins specify these cells, and a hox gene expres- 
sion gradient along the antero-posterior axis divides the CNC 
into two different domains (Gavalas et al. 2001; Trainor and 
Krumlauf 2001; Couly et al. 2002; Steventon and Mayor 
2012; Raible and Ragland 2005; da Costa, Trentin, and 
Calloni 2018). Interestingly, a hox-negative CNC population 
at the rostral end produces the entire facial skeleton (Couly, 
Creuzet et al. 2002; Creuzet, Couly, and Le Douarin 2005). 
Although both hox-negative and hox-positive CNC domains 
are able to generate cartilage, only the anterior region forms 
the bones of the facial skeleton and palate (Vieux-Rochas 
et al. 2013; Creuzet, Couly, and Le Douarin 2005; Dickinson 
and Sive 2007). Defects in CNC development are associated 
with human birth disorders such as cleft lip, cleft palate, cra- 
niosynostosis, craniofacial-microsomias, and ciliopathies, as 
will be discussed in Section 7. 


17.4. THE MOUTH IS AN ESSENTIAL 
FACIAL STRUCTURE 


17.4.1. MOUTH FORMATION Is CONSERVED 


In vertebrates, the mouth is an integral part of the craniofa- 
cial system and is essential for eating and life. All multicel- 
lular animals have a mouth (Chen et al. 2017), and mouth 
development appears to have arisen once during evolution 
(Chen et al. 2017). Our group identified a cohort of genes 
during Xenopus mouth development (Dickinson and Sive 
2009), many of which are expressed in similar regions in 
other species (Chen et al. 2017). Xenopus is proving an 
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FIGURE 17.1 (A) Schematic representation of the gene regulatory network (GRN) from induction through to differentiation of NCC. 


WNT, BMP, and FGF are involved throughout the process from induction of the neural crest to differentiation into chondrocytes (car- 
tilaginous cells) and osteocytes (bone cells). (B) Four-week-old human embryo and craniofacial skeleton of a child. Neural crest cells 
arising from distinct regions migrate into pharyngeal arches and differentiate into the bones of the face and head. Neural crest cells 
migrating over the eye into the frontonasal prominence (FNP) become the skeletal elements of the forehead, frontal bone (FB); upper 
jaw, maxillary bone (MX); and nasal bone, while neural crest migrating in the pharyngeal arches become skeletal elements of the lower 
jaw, mandible (MB) and throat, hyoid (HY). Parietal bone (PB), Occipital bone (OB), Squamous temporal bone (STB), and Zygoma (ZY). 


Source: Figure 17.1B adapted and modified from Chen 2018. 


excellent model for vertebrate mouth formation, with rel- 
evance to human birth disorders. 


17.4.2. CELLULAR ORGANIZATION OF THE MOUTH 


In chordates, mouth formation takes place in a region devoid 
of mesoderm where ectoderm and endoderm are directly 
juxtaposed (Dickinson and Sive 2007). The Sive group 
named this region the extreme anterior domain (Jacox, 
Sindelka et al. 2014). EAD cells contribute to the mouth 
opening, roof of the mouth, anterior pituitary, and nos- 
trils (Jacox et al. 2016). Removal of the EAD or the EAD 
endoderm in Xenopus resulted in a smaller or unperforated 
mouth (Dickinson and Sive 2006; Chen 2018). Similar mor- 
phology was observed upon ablation of rostral non-neural 
ectoderm and endoderm in chick, mouse, and salamander 
embryos (Adams 1931; Couly, Creuzet et al. 2002; Cajal et 
al. 2014; Withington, Beddington, and Cooke 2001). 


17.4.3. MOUTH FORMATION—XENOPUS AS A MODEL 


Mouth formation is initiated during neurulation and takes 
place at the anterior-most region where the ectoderm and 
endoderm are directly juxtaposed, without intervening 
mesoderm (Figure 17.2A). Mouth formation in vertebrates 
includes formation of a stomodeal invagination, and later, 
a thin buccopharyngeal membrane ruptures to form the 
mouth opening (Dickinson and Sive 2006). During Xenopus 
mouth formation, a multilayered ectoderm is directly jux- 
taposed onto endoderm and separated by a basement mem- 
brane (Figure 17.2A) (Dickinson and Sive 2006; Jacox et 
al. 2016). The multilayered ectoderm undergoes convergent 
extension to form a “pre-mouth array” two cells wide and 
~ten cells deep, lying on the endodermal layer. This pro- 
cess is under control of the WNT-PCP pathway and sig- 
naling from the incoming neural crest (Jacox, Chen et al. 
2016) (Figure 17.2B). The basement membrane between 
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FIGURE 17.2 (A) Sagittal views of steps involved in mouth opening. Expression of extreme anterior domain (EAD) showing different 
germ layers at st. 24. Lower panel consists of enlarged schematics of the EAD and the subsequent steps of mouth opening. At st. 28, the 
basement membrane (BM) between EAD ectoderm and endoderm disintegrates activating cell death by st. 34. Stomodeal invagination is 
formed with concurrent bursts of apoptosis and migration of ectoderm out of the region at st. 34-37. Intercalation of ectoderm and endo- 
derm produces the buccopharyngeal membrane (BPM), which perforates to open the mouth at tadpole stages (st. 39-40). (B) Schematic 
showing reciprocal signaling between EAD and cranial neural crest (CNC). At early tailbud stages, EAD secretes signals that guide the 
NC into the face. At late tailbud, as NCs migrate into the face, they secrete factors that stimulate EAD-convergent extension to form the 
“pre-mouth array.” The pre-mouth array later opens down the midline to form the stomodeum and edges of the mouth, while the NCs 
give rise to Meckel’s (M), Ceratohyal (C), and Branchial arches (B) at the tadpole stage. 


Source: Figure 17.2 adapted and modified from Chen, Jacox et al. 2017. 


Craniofacial Development and Disorders 


ectoderm and endoderm disappears, requiring activation of 
the $-catenin WNT antagonist frzb/ that is expressed in the 
EAD (Dickinson and Sive 2009; Tabler et al. 2014). frzb1 
expression in turn requires SHH expression (Tabler et al. 
2014). At this stage, the stomodeum forms, as described in 
all vertebrates (Waterman 1977; Waterman and Schoenwolf 
1980; Som and Naidich 2013). The cell layers thin through 
cell death and migration, until a single layer of ectoderm 
and endoderm remains, the buccopharyngeal membrane 
(BPM) (Dickinson and Sive 2006; Jacox et al. 2016), which 
perforates, leading to the mouth opening (Figure 17.2A) 
(Dickinson and Sive 2006). Bucopharyngeal membrane 
perforation is mediated by JNK signaling acting through 
b-catenin phosphorylation and E-cadherin endocytosis at 
adherens junctions (Houssin et al. 2017). 


17.5. THE EXTREME ANTERIOR DOMAIN IS A 
CRANIOFACIAL SIGNALING CENTER 


17.5.1. IDENTIFICATION OF THE EXTREME ANTERIOR DOMAIN 


Work from our group identified the Xenopus EAD as a cra- 
niofacial organizer (Jacox, Sindelka et al. 2014). The EAD 
comprises approximately 500 cells at the anterior of the 
embryo and is present from the late neurula through tailbud 
stages. As noted, the EAD comprises directly juxtaposed 
ectoderm and endoderm without the intervening mesoderm. 
This type of tissue arrangement has been observed across 
deuterostomes and is present in mammals (Chen, Jacox et al. 
2017; Chen 2018; Soukup, Horacek, and Cerny 2013). The 
EAD contributes to similar structures in multiple species, 
including birds (Couly, Coltey, and Le Douarin 1993; Couly 
and Le Douarin 1987), mice (Osumi-Yamashita et al. 1994), 
zebrafish (Eberhart et al. 2006; Chapman et al. 2005), and 
frog (Eagleson, Ferreiro, and Harris 1995; Dickinson and 
Sive 2006), which include the mouth, nostrils, and anterior 
pituitary. Although this region is present in all chordates, 
including humans, work from our group in Xenopus has pro- 
vided pivotal functional analysis. 


17.5.2. CRANIOFACIAL ORGANIZER FUNCTION 
OF THE EXTREME ANTERIOR DOMAIN 


Our group demonstrated that the Xenopus EAD has orga- 
nizer function using a facial transplant protocol (Dickinson 
and Sive 2009; Jacox, Dickinson, and Sive 2014; Jacox, 
Sindelka et al. 2014). In particular, we observed that after 
transplantation of an EAD that lacked function of the WNT 
antagonists frzbl and crescent into a control embryo, not 
only did the mouth fail to form, but the rest of the face was 
thin and undeveloped (Dickinson and Sive 2009). We fur- 
ther demonstrated that the EAD acted on first arch migra- 
tory neural crest to promote its ingress into the developing 
face (Figure 17.2B) (Jacox, Sindelka et al. 2014). This influ- 
ence required the kinin-kallikrein signaling system, shown 
for the first time to be involved in early craniofacial devel- 
opment (Jacox, Sindelka et al. 2014). The pathway includes 
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Kininogen encoded by the kng gene, a precursor for the 
signaling peptide Bradykinin (Bdk), and the Bdk process- 
ing enzyme Carboxypeptidase N, encoded by the cpn gene. 
cpn RNA is localized in the EAD, while kng RNA is more 
broadly distributed. Kinin-kallikrein signaling culminates 
in nitric oxide (NO) production, synthesized by Nitric Oxide 
Synthase. We showed that NO was produced around the 
EAD, was absent after local cpn LOF, and was enhanced 
after implantation of beads coated with BDK peptide. This 
study demonstrated that the EAD signals to the neural crest 
through kinin-kallikrein pathway signaling to guide its 
development. As noted in Section 4.3, in older embryos, the 
first arch crest signals back to the EAD to promote its con- 
vergent extension and formation of a pre-mouth array that 
later opens into the stomodeum (Figure 17.2B) (Jacox, Chen 
et al. 2016). Chen (2018) demonstrated that the secreted 
WNT antagonist fzb/ that is expressed locally in the EAD 
also influences neural crest development, including promot- 
ing proliferation, and importantly, also impacts brain devel- 
opment. These data demonstrate a global signaling role and 
organizer function for EAD during craniofacial develop- 
ment. EAD perturbation would be associated with mouth 
anomalies, and due to its signaling role, may contribute to 
other craniofacial anomalies. 


LANDSCAPE OF CRANIOFACIAL 
ANOMALIES 


Craniofacial disorders or anomalies occur during formation 
of the skull and facial bones and are generally congenital or 
present at birth. Some CFA are syndromic, associated with 
defined genetic changes (Buchanan, Xue, and Hollier 2014; 
Rice 2005; Nagy and Demke 2014). 


17.6. 


CRANIOFACIAL ANOMALIES ARE 
ASSOCIATED WITH MULTIPLE FACTORS 


17.6.1. 


The causes of CFA are often unknown or complex but are 
considered to include the following. 


1. Genetic. Gene variants associated with CFA include 
genes that regulate DNA replication, cell prolifera- 
tion, cell signaling, or transcription (Roosenboom 
et al. 2016; Kobayashi et al. 2013; Alappat, Zhang, 
and Chen 2003; Gebuijs et al. 2019; Merkuri and 
Fish 2019; Twigg and Wilkie 2015; Bartzela, 
Carels, and Maltha 2017). 

2. Environmental. Medication, recreational drugs, 
and alcohol during pregnancy have also been linked 
with certain craniofacial anomalies (Thompson, 
Levitt, and Stanwood 2009; Moiseiwitsch 2000; 
Seda et al. 2019; Muggli et al. 2017; Sulik 2005). 
Similarly, exposure to viruses such as Zika (Yan 
et al. 2019; Wheeler 2018, 2020) and cytomegalo- 
virus (CMV) (Cheeran, Lokensgard, and Schleiss 
2009; Jaskoll et al. 2008; Weichert et al. 2010) 
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during pregnancy have been implicated in cranio- 
facial anomalies. 


. Vitamin deficiency. A maternal diet lacking Vitamin 


A, Vitamin D, folic acid (Vitamin B9), or Vitamin 
B12 is associated with higher risk of CFAs such as 
cleft lip and cleft palate (Maldonado et al. 2021; 
Wahl et al. 2015; Finkelstein, Layden, and Stover 
2015; Pannia et al. 2016; Mulligan et al. 2010; 
Clagett-Dame and Knutson 2011). 


17.6.2. CLASSES OF CRANIOFACIAL ANOMALIES 


l. 


3: 


Cleft lip or cleft palate. Cleft lip and cleft palate are 
the most common congenital craniofacial anoma- 
lies seen at birth. In cleft lip, the lip does not form 
properly. The degree of the cleft lip varies greatly, 
from a mild notch to a severe large opening up 
to the base of the nose. In cleft palate, the palatal 
shelves do not close completely, leaving an open- 
ing extending into the nasal cavity. The cleft can 
extend from the front of the mouth to the throat and 
may also include the lip. 


. Craniofacial microsomia. In these cases, one side 


of the face is smaller than the other, giving rise to 
facial asymmetry. Typically, only the lower part of 
the face is affected, with a flat cheek due to anoma- 
lous bone growth and an underdeveloped jaw (max- 
illary or mandibular hypoplasia). The external ears 
are malformed or absent. Craniofacial microsomia 
with maxillary or mandibular hypoplasia may be 
referred to as hemifacial microsomia and includes 
Goldenhar syndrome, branchial arch syndrome, 
and lateral facial dysplasia (Birgfeld and Heike 
2012; Bogusiak, Puch, and Arkuszewski 2017; 
Monahan et al. 2001; Brandstetter and Patel 2016). 
Neurocristopathies. Neurocristopathies are per- 
turbations in the formation, migration, and/or dif- 
ferentiation of neural crest cells (Watt and Trainor 
2014; Vega-Lopez et al. 2018). Cranial neural crest 
cells migrate into the first and second pharyngeal 
arches of a developing embryo. In humans, the 
cells in the first pharyngeal arch give rise to the 
maxilla, zygoma, palate, mandible, malleus, incus, 
muscle of mastication, and parts of the trigeminal 
sensory ganglion. Those of the second pharyngeal 
arch give rise to the hyoid cartilage, stapes, facial 
muscles, and parts of the facial sensory ganglia 
(Johnson et al. 2011; Richany, Bast, and Anson 
1955; Bast, Anson, and Richany 1955). Disruptions 
to the first and second pharyngeal arches are asso- 
ciated with craniofacial anomalies known as facial 
dysostoses (Trainor and Andrews 2013). These 
include Treacher Collins syndrome, Nager syn- 
drome, Miller syndrome, and Goldenhar syndrome 
(Trainor and Andrews 2013; Sato et al. 2019). The 
vast amount of data on neural crest development 
in Xenopus provide an important model system 
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in which to study these syndromes (Table 17.4) 
(Gouignard et al. 2016; Schwenty-Lara, Pauli, and 
Borchers 2020; Devotta et al. 2016). 

4. Craniofacial Dysmorphism. Craniofacial dys- 
morphism is defined as an abnormally formed 
craniofacial structure. This can include brachy- 
cephaly (flattened back of the head), highly arched 
eyebrows, monobrow, low-set ears, microdontism 
(smaller teeth), and generalized gingival hyperpla- 
sia (overgrowth of gums around the teeth). Some of 
the common craniofacial dysmorphisms are listed 
in Table 17.1. 

5. Craniosynostosis. In the infant skull, the bones are 
separated by sutures or joints. These joints allow 
growth of skull bones in concert with the brain, and 
when skull growth is complete, the sutures fuse and 
bone growth stops. In craniosynostosis, the skull 
sutures fuse prematurely to inhibit skull growth, 
impacting brain development (Yilmaz et al. 2019; 
Sawh-Martinez and Steinbacher 2019). Cranial 
sutures consist of non-ossified mesenchymal stem 
cells that play an important signaling role in the 
development of craniofacial structure (Zhao et al. 
2015; Maruyama et al. 2016). Craniosynostosis 
is divided into syndromic and nonsyndromic, 
with more than 70% of the patients diagnosed as 
nonsyndromic (Greenwood et al. 2014; Flaherty, 
Singh, and Richtsmeier 2016; Wilkie, Johnson, and 
Wall 2017). The most common syndromic forms of 
craniosynostosis and the genes involved are listed 
in Table 17.2. 


TABLE 17.1 

Description of Known Dysmorphisms, Associated 
Genes, Malformations, Mendelian Inheritance, and 
Gene-Specific Studies in Xenopus. 


Syndrome Associated Craniofacial Anomalies © OMIM 
Gene/s 
Holoprosencephaly SHH, ZIC2, Pronounced microcephaly, 147250 
SIX3, and  cyclopia (single centrally 
TGIF placed eye) 


Cebocephaly (single-nostril 
nose) 

Ethmocephaly (proboscis) 
Hypotelorism (increased facial 


width) 
Dandy-walker ZICl and  Macrocephaly (large brain) 220200 
ZIC4 Hydrocephaly (dilatation of 


brain ventricles) 
Lissencephaly RELN and  Microcephaly with smooth brain 607432 
TUBAIA Cerebellar hypoplasia (small 
cerebellum) 
Source: Dubourg et al. 2007; Yamasaki and Kanemura 2015; Fry, Cushion 
and Pilz 2014 
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TABLE 17.2 

Description of Known Syndromic Craniosynostosis, 
Associated Genes, Malformations, Mendelian 
Inheritance and Gene-Specific Studies in Xenopus. 


Syndrome Associated Craniofacial Anomalies OMIM 


Gene/s 


Crouzon FGFR2 Bicoronal craniosynostosis, lambdoid 123500 
suture fusion, hypertelorism, shallow 
orbits, ocular proptosis, high arched 
palate, midface hypoplasia, low-set 
ears, psittichorhina (beak-like nose) 
Aperts FGFR2 Tturribrachycephaly (bicoronal 101200 
synostoses), high forehead, steep, flat 
and associated with transverse frontal 
skin furrow, exorbitism, proptosis, 
short anterior cranial fossa, cleft 
palate, pseudo-prognathic mandible, 
septal deviation 
TWISTI 


Saethre- 101400 


Chotzen 


Acrocephaly (coronal | lambdoid), 
unicoronal/brachycephaly (can be 
bicoronal), facial asymmetry, low-set 
hairline, ptosis, hypertelorism, 
strabismus, epicanthal folds. beaked 
nose, nasal septal deviation cleft 
palate with high arch 

Pfeiffer FGFR1; 

FGFR2 


Type I—turribrachycephaly, Types II/ 101600 
I1J—Kleeblattscha del (multisuture 
synostosis), maxillary hypoplasia, 
proptosis, strabismus 

hypertelorism, cleft palate 

Carpenter RAB23 Hypertelorism, downward sloping 201000 

palpebral fissures, epicanthal folds, 


flat/wide nose with large nostrils 


Source: Yilmaz et al. 2019; Sawh-Martinez and Steinbacher 2019 


6. Craniofacial Ciliopathies. Craniofacial ciliopa- 
thies are associated with the altered structure or 
function of cilia, which are essential cellular struc- 
tures (Zaghloul and Brugmann 2011). Affected 
people characteristically display cleft lip/palate, 
hypertelorism (increased facial width), microgna- 
thia (small lower jaw), and hypotelorism (decreased 
facial width). Human ciliopathies have been exten- 
sively reviewed by (Cortes, Metzis, and Wicking 
2015; Schock and Brugmann 2017). Common syn- 
dromes affecting the genetics of the ciliary func- 
tion are listed in Table 17.3. 


17.7. TREATMENT OF CRANIOFACIAL 
ANOMALIES 


Children affected by craniofacial disorders face enormous 
developmental challenges, and treatment options are gener- 
ally limited to surgical intervention. Recent advances in tis- 
sue engineering approaches are promising (Mao et al. 2007; 
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TABLE 17.3 
Description of Known Craniofacial Ciliopathies, 
Associated Genes, Malformations, Mendelian 
Inheritance and Gene-Specific Studies in Xenopus. 
Syndrome Associated Craniofacial Anomalies OMIM 
Gene/S 
Bardet- BBS 1-14 Prominent forehead, deep-set eyes, 209900 
Biedl hypertelorism, downward-slanting 
palpebral fissures, flat nasal bridge 
anteverted nares, prominent nasolabial 
folds, long philirum, thin upper lip 
Joubert INPPSE Large head and frontal prominence, 213300 
prominent forehead and nasal bridge, 
bitemporal narrowing, epicanthal 
folds, ptosis, prognathism, eyebrow 
abnormalities, thick earlobes, 
trapezoid-shaped mouth, lower lip 
eversion, upturned nose 
Meckel- MKSI1 Microcephaly, sloping forehead, 249000 
Gruber occipital meningoencephalocele, cleft 
lip/palate, micrognathia, macrostomia, 
various glossal malformations 
Oro-facial- OFD1 Malformations of the face, oral cavity, 311200 
digital thickened alveolar ridges, abnormal 
dentition, absent lateral incisors, 
clefts of the jaw and tongue 
Ellis-van EVC1-2 — Cleft lip and palate gingivo, labial 225500 
Creveld muscuiofibrous fraenula, premature 


eruption of teeth, hypodontia, small 
cranial base, micrognathia, increased 
gonial angle, malocclusion 


Source: Cortes et al. 2015; Schock and Brugmann 2017 


Petrovic et al. 2012; Velasquillo et al. 2020; Salinas and 
Anseth 2009; Zhang and Yelick 2018). 


17.7.1. SURGICAL APPROACHES 


For syndromes such as cleft lip, cleft palate, and craniosyn- 
ostosis, surgery tries to correct the physical formation of the 
skull and facial bones. In infants with minimal deformities, 
laparoscopic minimally invasive surgery may be possible. 


17.7.2. Tissue ENGINEERING APPROACHES 


Tissue engineering has promise to rebuild craniofacial struc- 
tures through the combined use of cells, factors that can 
promote cellular differentiation into appropriate cell types 
needed to correct craniofacial structures, and scaffolds 
that can contribute structures on which cells can develop 
(Tevlin et al. 2014; Kim, Kim, and Kim 2020; Tollemar 
et al. 2016; Hollister et al. 2005; Emara and Shah 2021). 
Three-dimensional (3D) printing has some promise for per- 
sonalized approaches to bone reconstruction (Bauermeister, 
Zuriarrain, and Newman 2016; Obregon et al. 2015; Flores 
et al. 2017; Shen et al. 2020; Chung et al. 2020). 
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17.7.3. CELL-BASED APPROACHES 


The idea here is to use precursor cells (osteoblasts, chondro- 
cytes, fibroblasts) to produce cartilage and bone tissue that 
can repair craniofacial anomalies (Meijer et al. 2007; Teven 
et al. 2012; Teven et al. 2015). Use of stem cells for cranio- 
facial repair may be extremely useful in the future, particu- 
larly autologous cells derived from the affected person, such 
as mesenchymal, adipogenic, skeletal stem cells, or induced 
pluripotential stem cells (Zuk 2008; Perez et al. 2018; Griffin 
et al. 2014; Tevlin, Longaker, and Wan 2020; Borrelli et al. 
2020; Velasquillo, Madrazo-Ibarra et al. 2020). 


17.8. CONTRIBUTION OF XENOPUS 
TO UNDERSTANDING 
CRANIOFACIAL ANOMALIES 


Craniofacial anomalies are prevalent and severe, and there is 
an unmet need to define the genetic or environmental pertur- 
bations that are associated with and cause these. Contributions 
from Xenopus are providing insight into genes associated with 
human craniofacial disorders by two approaches. The first is 
understanding from fundamental research as to what genes 
govern craniofacial development, as explored in Sections 
3 and 4 of this chapter. If such genes are later identified in 
human genome wide association screens (GWASs) as associ- 
ated with a craniofacial anomaly, there will already be infor- 
mation available to help understand mechanisms that may 
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contribute to the anomaly. In an example from our group, we 
identified zic//opl as a gene required for neural determina- 
tion and patterning (Kuo et al. 1998). Recently, heterozygous 
mutations in the third exon of Z/C/ encoding the C-terminus 
of the protein are associated with craniosynostosis involving 
the coronal sutures (Twigg et al. 2015). 

The second approach is to screen GWAS hits for their 
effects on craniofacial development (Khandelwal et al. 2013; 
Sanchez-Lara 2015; Yu et al. 2017; Saleem et al. 2019) and to 
use Xenopus as an assay system for gene activity (Abu-Daya, 
Khokha, and Zimmerman 2012; Hwang, Marquez, and Khokha 
2019). This can be done by loss-of-function using antisense 
techniques or CRISPR-mediated genome editing in the FO 
embryo. For gene variants that appear to be gain-of-function, 
RNA injection or (less successful) DNA expression constructs 
injected into the embryo can be used. Tadpoles can be assayed 
after the craniofacial cartilages have formed for anomalies that 
may be similar to affected people. Where multiple genes are 
implicated through human genetic analysis, Xenopus assays 
can help sort out which are the key genes contributing to such 
an anomaly (Table 17.4). These approaches are proving useful 
diagnostic tools (Devotta, Juraver-Geslin et al. 2016; Lasser 
et al. 2019; Schweickert and Feistel 2015). 


17.9. CONCLUSION 


In this chapter, we have summarized studies investigat- 
ing development and disorders of the craniofacial region, 


TABLE 17.4 

List of Craniofacial Anomalies Modeled and Studied in Xenopus. 

Syndrome Affected Craniofacial Anomalies Xenopus Studies OMIM 

Gene/s 

Nager sf3bp4 Downslanting palpebral fissures, malar hypoplasia (underdeveloped cheek Devotta et al. 2016 154400 
bones), micrognathia, atresia, ear defects, and cleft palate 

Smith-Magenis ral Cleft lip/palate, midface hypoplasia, flat nasal bridge, brachycephaly (flattened Tahir et al. 2014 182290 
head), and prognathia (misaligned maxilla and mandible) 

Wolf-Hirschhorn wschl, wsch2, Prominent forehead, widely spaced eyes (hypertelorism), wide and protrusive Mills et al. 2019 194190 

and letm1 nasal bridge, undersized jaw (micrognathia), a short philtrum, cleft lip, and 

microcephaly 

Pilarowski-Bjornsson chdl Macrocephaly, depressed midface, pointed chin, translucent skin, almond-shaped Wyatt et al. 2021 617682 
eyes, downslanting palpebral fissures, periorbital fullness, and flared eyebrow 

CHARGE chd7 Orofacial clefts, facial nerve palsy, and choanal atresia Bajpai et al. 2010 214800 

Andersen-Tawil kenj2 Low-set ears, cleft palate, mandibular hypoplasia, hypertelorism, Adams et al. 2016 170390 


micrognathia, a broad forehead, and dental anomalies 


Musculocontractural dse 
Ehlers-Danlos 
Orofacial clefts 


palpebral fissures, and low-set ears 
raldh2 Cleft lip and cleft palate 
Craniosynostosis multiple genes Premature cranial fusion 


Brainbridge-Ropers aslx3 


Micrognathia, cleft palate, brachycephaly, hypertelorism, downslanting 


Microcephaly, hypotonia, arched eyebrows, downslanting palpebral fissures, 


Gouignard et al. 2016 601776 


Kennedy and 
Dickinson 2012 
Slater et al. 2009 


Lichtig et al. 2020 615485 


broad nasal bridge with short nose, anteverted nares, low-set ears, and small chin 


Source: Devotta, Juraver-Geslin et al. 2016; Tahir et al. 2014; Mills et al. 2019; Wyatt et al. 2021; Bajpai et al. 2010; Adams et al. 2016; Gouignard, 
Maccarana et al. 2016; Kennedy and Dickinson 2012; Slater et al. 2009; Lichtig et al. 2020; Dubey and Saint-Jeannet 2017 
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with emphasis on Xenopus as a model system. Formation 
of craniofacial structures is a complex process that includes 
neural crest cells that give rise to the cartilages or bones 
of the face and skull, while the extreme anterior domain 
forms the mouth. Gene regulatory networks drive cranio- 
facial development, while the EAD is a major early facial 
signaling center or organizer. Analyses in Xenopus have 
been pivotal in uncovering processes directing craniofa- 
cial development and in defining the EAD as an organizer. 
Craniofacial anomalies are frequent and associated with 
genetic, environmental, and nutritional factors. Defining 
genes and processes underlying human disorders is critical 
for proper diagnosis and new treatments. This is being facil- 
itated using the Xenopus system—either through knowledge 
from fundamental research or by direct assay of gene vari- 
ants or environmental perturbations. Xenopus remains one 
of the most accessible systems for uncovering connections to 
human craniofacial disorders. 
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18.1. INTRODUCTION mechanisms of endoderm organogenesis and congenital dis- 


The endoderm is the innermost germ layer of the vertebrate 
embryo that gives rise to the epithelial lining of the respira- 
tory and digestive tracts as well as associated organs such 
as the stomach, liver, and pancreas. Research over the past 
50 years has shown that the molecular basis of endoderm 
organogenesis is largely conserved from animals to human 
(Zorn and Wells 2009). Among vertebrate model organisms 
used for biomedical research, the experimental advantages 
of Xenopus embryos have proven particularly useful in elu- 
cidating key steps in endoderm formation, patterning, and 
early organogenesis. Large, externally developing Xenopus 
embryos allow microsurgery, explant culture, and targeted 
microinjection for tissue-restricted analysis of gene or path- 
way function, and pharmacological manipulation of path- 
way/gene activity is easily performed at any desired stage 
of development. In addition, transgenics, CRISPR-mediated 
genome editing, and cutting-edge genomics are widely used 
in Xenopus research. The combination of all these strategies 
readily permits the determination of epistatic relationships 
and temporal requirements of developmental events and has 
accelerated the utility of Xenopus for interrogating molecular 
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ease in ways that are much more challenging in mammals. 
Xenopus experiments in the 1990s were the first to reveal 
the growth factor signaling pathways that induce the endo- 
derm and mesoderm lineages in the gastrula embryo (Smith 
et al. 1990; Asashima et al. 1990); these findings directly led 
to the development of protocols enabling the directed dif- 
ferentiation of mouse and human endoderm tissue from plu- 
ripotent stem cells (PSCs) (Kubo et al. 2004; D’Amour et al. 
2005; Loh et al. 2014). Experimental embryology in Xenopus 
has also been instrumental in defining conserved signal- 
ing events between the endoderm and adjacent splanchnic 
mesoderm that govern induction of cardiac progenitor cells 
(Nascone and Mercola 1995). Indeed, bi-directional signal- 
ing between the endoderm and mesoderm is a conserved fea- 
ture of vertebrate gut tube patterning and organogenesis; this 
knowledge, determined in large part from Xenopus embryos, 
has helped facilitate the generation of human PSC-derived 
organoids useful for disease modeling and hopefully one day 
for regenerative medicine (McCauley and Wells 2017). 
Xenopus is increasingly used to study how disruptions in 
developmental pathways and genes can lead to birth defects 
and pediatric disease of endodermal organs such as diabetes/ 
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maturity onset diabetes of the young (MODY), tracheal- 
esophageal fistula/esophageal atresia, and intestinal malro- 
tation (Pearl et al. 2011; Nasr et al. 2019; Grzymkowski et al. 
2020; Edwards and Zorn 2021). It is estimated that about 
80% of human disease-associated genes have Xenopus 
orthologs. The online biomedical knowledgebase Xenbase. 
org (Nenni et al. 2019) facilitates human disease modeling 
by curating Xenopus genomic, expression, genotype, and 
phenotype data from the published literature and integrat- 
ing this with orthologous human gene, anatomy, and disease 
with links to National Center for Biotechnology Information 
(NCBI), Online Mendelian Iheritance in Man (OMIM), and 
human disease ontology (DO) resources. 

In this chapter, we summarize the current understand- 
ing of Xenopus endoderm organogenesis. We organize our 
discussion in four major sections: (1) a temporal overview of 
Xenopus endoderm organogenesis; (2) endoderm germ layer 
specification, (3) progressive pattering of the endoderm gut 
tube, and (4) organ induction. In each section, we highlight 
conserved molecular mechanisms, pointing out both histori- 
cal and recent contributions of Xenopus research. We also 
emphasize how the use of emerging technologies in Xenopus 
continues to inform our molecular understanding of human 
congenital birth defects and disease. 


18.2. TEMPORAL OVERVIEW OF XENOPUS 
ENDODERM ORGANOGENESIS 


The molecular mechanisms of endoderm formation, pat- 
terning, organ induction, and early morphogenesis are 
largely conserved amongst vertebrate species (Zorn and 
Wells 2009) and are largely indistinguishable between the 
two commonly used species Xenopus laevis and Xenopus 
tropicalis. Figure 18.1 summarizes key phases in Xenopus 
endoderm development, showing a developmental fate map 
(Figure 18.1A), example gene expression (Figure 18.1B), and 
a schematic of cell lineages (Figure 18.1C); in addition, we 
present the approximate timing of similar developmental 
transitions in mouse embryos and during the directed dif- 
ferentiation of human PSCs (Figure 18.1D). 

Endoderm organogenesis begins with the segregation 
of pluripotent embryonic cells into ectoderm, mesoderm, 
and endoderm germ layers during the blastula and gastrula 
stages. Pioneering fate-mapping and transplantation stud- 
ies in the 1980s demonstrated that the yolk-rich vegetal pole 
cells of the early cleavage stage embryo give rise to endo- 
derm (Figure 18.1A; Moody 1987; Dale and Slack 1987), and 
by early gastrula stage, these vegetal cells are committed to 
their endoderm fate (Heasman et al. 1984; Wylie et al. 1987). 
A critical milestone in our understanding of endoderm germ 
layer specification was the discovery that the TGFB/Activin/ 
Nodal family of growth factors could induce mesoderm and 
endoderm fate in pluripotent blastula ectoderm animal cap 
explants in a concentration-dependent manner (Smith et al. 
1990; Asashima et al. 1990). Based on these studies, the use 
of Activin has since become the standard approach to dif- 
ferentiate mouse and human PSCs into endoderm (Kubo et 
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al. 2004; D'Amour et al. 2005; Loh et al. 2014). This, along 
with the discovery of the transcription factor (TF) Sox17 
in Xenopus (Hudson et al. 1997), the first unambiguous 
molecular marker of vertebrate definitive endoderm, opened 
the door to studying the molecular mechanisms controlling 
endoderm formation. As detailed in the subsequent section, 
TGFB/Nodal signaling activates the expression of sox/7 and 
other key TF encoding genes such as foxal in the endoderm 
lineage as early as the blastula stage (approximately five 
hours post-fertilization [hpf], Nieuwkoop and Faber [NF] 
stage 8 [NF8]; Nieuwkoop and Faber 1994) (Figure 18.1A,B). 

During blastula and neurula stages of development (NF9— 
NF20), the endoderm is progressively patterned along the 
anterior and posterior (A-P) and dorsal-ventral (D-V) axes 
into progenitor domains characterized by restricted expres- 
sion of different lineage promoting TFs. Initial endoderm 
patterning is coincident with endoderm formation (NF9-11) 
and is coordinated with global D-V axial patterning of all 
three germ layers by Wnt and BMP signals. This initial 
regionalization is further elaborated during neurula and 
early somite stages (NF12-25) by posteriorizing WNT, 
BMP, FGF, and retinoic acid (RA) signals from the sur- 
rounding splanchnic mesoderm, which further subdivide 
the endoderm into foregut, midgut, and hindgut domains 
that have different developmental potential (Rankin et al. 
2018): foregut-derived organs include the pharynx, thyroid, 
thymus, parathyroid, esophagus, trachea, lungs, liver, pan- 
creas, and stomach; midgut endoderm gives rise to the small 
intestine; and hindgut endoderm gives rise to the large intes- 
tine and cloaca (Figure 18.1C) (Chalmers and Slack 2000). 

Between NF15 and NF35 (approximately two days), the 
broad progenitor domains are progressively restricted, and 
organ lineages are induced by continued combinatorial sig- 
naling between the splanchnic mesoderm and endoderm 
epithelium. This process involves many of the same meso- 
derm-derived WNT, BMP, RA, and FGF signals that control 
early patterning, which act reiteratively in various combina- 
tions and with additional signals such as endodermal-derived 
Hedgehog (Shifley et al. 2012; Rankin et al. 2016; Rankin 
et al. 2018). The bidirectional nature of this signaling coor- 
dinates organ identity in the germ layers so that the correct 
mesoderm develops in contact with the appropriate endo- 
derm. Embryological experiments show that by NF35, organ 
fates are mostly specified and a number of lineage-specific 
markers are expressed (Horb and Slack 2001; Shifley et al. 
2012; Rankin et al. 2018). 

Between NF35-NF43 early endoderm organ morpho- 
genesis occurs, which include the emergence of lung, liver, 
and pancreatic organ buds that evaginate from the gut tube 
and intermingle with the adjacent mesoderm. The anterior 
foregut tube separates into a distinct trachea and esophagus, 
while the intestine elongates and undergoes a stereotypical 
coiling process similar to mammals (Rankin et al. 2015; 
Chalmers and Slack 2000; Grzymkowski et al. 2020). By 
NF43 (3.5 dpf) the entire gut tube can be readily micro- 
dissected, and distinct organ buds are obvious under the 
stereomicroscope (Figure 18.1A,B). Xenopus tadpoles begin 
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Temporal overview of Xenopus endoderm organogenesis. (A) Schematic of Xenopus embryos during early development. 


Endoderm is shaded yellow, mesoderm red, and ectoderm blue. Abbreviations: NF, Nieuwkoop and Faber; an, animal; veg, vegetal; ph, 
pharynx; fg, foregut; mg, midgut; hg, hindgut; ht, heart; hpf, hours post fertilization and dpf, days post fertilization, both when embryos 
are cultured at 23 degrees Celsius. (B) Images of actual X. laevis embryos stained by in situ hybridization and a dissected gut tube, at the 
stage of development indicated by the previous schematic. In-situ hybridization for sox17a or foxal reveals the endoderm. Abbreviations: 
cl, cloaca; es, esophagus; gb, gall bladder; ht, heart; int, intestine; lu, lung; lv, liver; panc, pancreas; ph, pharynx; st; stomach. (C) 
Endoderm lineage tree. psc, pluripotent stem cell. (D) Approximate timing of similar phases of endoderm developmental in Xenopus, 
mouse, and during the directed differentiation of human pluripotent stem cells (hPSCs). 


Source: (A) Drawings of the Xenopus embryos in the top panel reproduced with permission, © 2021 Xenbase and Natalya Zahn, licensed under CC 


BY-NC 4.0. 


feeding around two weeks of age, and although the animals 
do not fully transition from gills to lungs for breathing until 
metamorphosis, air breathing is observable by NF47 (Rose 
and James 2013). During metamorphosis (stages NF56—66), 
the respiratory and GI organs undergo a substantial remod- 
eling process in response to hormone signaling; these events 
share molecular and physiological similarities to the perina- 
tal period of mammalian gestation around birth. As several 
excellent reviews describe Xenopus metamorphosis, we will 
not address it here (Brown and Cai 2007; Buchholz 2015). 


18.3. THE MOLECULAR BASIS OF 
ENDODERM FORMATION 


In Xenopus, endoderm formation can be conceptually sum- 
marized in 3 phases: (1) a maternal “pre-pattern” phase, from 
the 32-cell stage (NF6) to early blastula (NES); (2) an “induc- 
tion” phase, from NF8 to NFIO; and (3) a “commitment” 
phase, during gastrulation (NF10 to NF12). Figure 18.2 sum- 
marizes these steps and presents an overview of the gene 
regulatory network (GRN) controlling endoderm formation. 
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18.3.1. MATERNAL PRE-PATTERN PHASE fate and inhibit mesoderm and endoderm gene expression 
(Reich and Weinstein 2019). Vegetally localized maternal 
TF transcripts include vegT, otx1, and sox7, these factors are 
Ñ . ‘ necessary, in combination with the ubiquitously expressed 
encoding these factors are spatially localized along the maternal TFs foxh1 and pou5f3.2/pou5f3.3, for endoderm 
animal-vegetal ARIS of eggs and early embryos. Maternal formation (Xanthos et al. 2001; Paraiso et al. 2020) (Figure 
TFs transcripts localized to the animal pole include ascl!, 18.2A,G). These TFs co-bind endodermal gene enhancers 
Joxi2, and sox3, these genes function to promote ectoderm prior to the onset of zygotic transcription (Paraiso et al. 2019; 


In Xenopus, germ layer formation and endoderm speci- 
fication are initiated by maternal factors, and transcripts 


A NF6-8: maternal TF 
spatial pre-pattern 


TFs 


B  NF8-10 induction 


NF10-12 commitment 


FIGURE 18.2 Three conceptual phases of Xenopus endoderm germ layer formation. (A,D). Maternal pre-pattern phase from the 32-cell 
stage (NF6) to early blastula (NF8). Transcripts of maternal TFs including vegT, otx1, and sox7 are localized to the vegetal pole, and these 
proteins bind endoderm gene cis-regulatory elements, marking them for subsequent expression in vegetal endoderm cells. A maternal, dorsal 
Wnt11/Sa signal results in accumulation of -Catenin in dorsal cells, and robust nodal expression depends on both maternal vegetal TFs and 
Wnt/11/Sa-dependent TCF/B-Catenin complexes. Animal-pole localized maternal TF transcripts include ascl/, foxi2, and sox3; these func- 
tion to suppress nodal expression and mesendoderm induction in the prospective ectoderm. In panel D, in situ hybridization of NF9 embryos 
shows nodal5 expression enriched in dorsal-vegetal cells and siamois (sia) in dorsal cells. In panels D,E,F, the gene diagrams below the in situ 
hybridization images depict binding of factors from published ChIP-seq studies described in the text. (B,E) Endoderm induction phase from 
NFS to NF10. High levels of Nodal signaling, in co-operation with maternal Wnt11/5a/P-Catenin/TCF, stimulate the vegetal expression of an 
evolutionarily conserved group of core endodermal TFs including Sox17, Gata4—6, Foxal—4, and Mix/Bix family members. In the equatorial 
marginal zone region, lower levels of Nodal signaling activate the TF brachyury (tbxt), which promotes mesoderm fate. Jn situ hybridiza- 
tion of sox17a in vegetal endoderm cells and tbxt in marginal zone mesoderm cells. (C,F) Endoderm commitment phase during gastrulation 
from NF10-NF12. During the commitment phase, core endoderm TFs function collectively with Nodal and Wnt signaling in a series of 
feed-forward loops to promote each other’s expression and maintain endoderm identity. Sox17 reinforces Nodal-induced endoderm fate by 
promoting expression of endoderm genes and suppressing expression of mesoderm and ectoderm genes. Shown by in situ hybridization is the 
expression of hnf1b, a vegetal endoderm TF activated by Sox17, and tfap2a, an ectoderm TF repressed by Sox17 in vegetal cells. (G) Summary 
of gene regulatory networks governing Xenopus germ layer formation. Spatially distinct regulatory networks active along the animal-vegetal 
embryonic axis promote their respective germ layer identity while simultaneously repressing alternative germ layer networks. 
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Charney et al. 2017a, 2017b; Gentsch et al. 2019), where they 
appear to act as pioneering factors to decondense the chro- 
matin prior to genome activation and inductive signaling. 

The vegetally localized TFs cooperate with a mater- 
nal Wnt pathway active on the dorsal side of the embryo 
(Tao et al. 2005; Cha et al. 2008a). In dorsal vegetal cells, 
P-Catenin translocates to the nucleus, interacts with Tcf/Lef 
family TFs, and directly regulates expression of genes such 
as siamois (Figure 18.2A,D). B-Catenin also contributes to 
epigenetic priming of enhancers, recruiting the arginine 
methyltransferase Prmt2 to modify histones and establish 
a poised chromatin architecture (Blythe et al. 2010). The 
key result of this pre-pattern by maternal Wnt and maternal 
TFs is the initiation of zygotic nodall—6 gene expression at 
the mid-blastula transition in vegetal cells fated to become 
endoderm (Xanthos et al. 2001, 2002; Agius et al. 2000; Rex 
et al. 2002). 


18.3.2. 


During the “induction phase” (NF8—NF10), high levels of 
Nodal signaling promote endoderm fate, while the overly- 
ing equatorial cells experience lower Nodal concentrations 
and are induced to adopt a tbxt-expressing mesoderm fate 
(Figure 18.2B,E) (Cha et al. 2004, 2008b; Gentsch et al. 
2013; Charney et al. 2017b). Nodal-induced Smad2/Foxh1 
complexes co-bind enhancers along with maternal TFs and 
BCatenin/TCF complexes to cooperatively stimulate the 
expression of an evolutionarily conserved group of zygotic 
endodermal TFs including Sox17, Gata4—6, Foxal—4, and 
Mix/Bix family members, which collectively promote endo- 
derm fate (Figure 18.2E) (Zorn and Wells 2009; Charney 
et al. 2017b). Recent genomic data suggest Smad2/Foxhl 
act on super enhancers bound by maternal VegT/Oxt1/Sox7, 
thus linking pre-patterning to the onset of zygotic gene 
expression (Paraiso et al. 2019; Gentsch et al. 2019). 


ENDODERM INDUCTION PHASE 


18.3.3. ENDODERM COMMITMENT PHASE 


During the “commitment” phase (NFIO—NF12), the zygotic 
endoderm TFs function collectively with Nodal and Wnt 
signaling in a series of feed-forward loops to promote each 
other’s expression and establish endoderm identity (Figure 
18.2C; Sinner et al. 2006; Charney et al. 2017b). Interactions 
between the mutually repressive endoderm GRN and a Tbxt- 
FGF mesodermal GRN refine the boundary between the 
endoderm and mesoderm cells (Figure 18.2G). Genomic anal- 
ysis recently demonstrated that Sox17 promotes endoderm 
commitment via multiple mechanisms: (1) Sox17 activates 
the expression of many key endodermal genes such as hnf1b; 
(2) Sox17 and B-Catenin co-bind about 30% of all endoderm 
enhancers to synergistically activate endoderm genes, illus- 
trating a cooperation with the Wnt pathway; (3) Sox17 directly 
binds and suppresses mesoderm/ectoderm genes such as 
tfap2a; and (4) Sox17 acts as a negative feedback regulator to 
restrain nodal ligand expression (Figure 18.2F,G; Mukherjee 
et al. 2020). These studies provide molecular insights into 
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the pioneering studies of Chris Wylie, Janet Heasman, Jim 
Smith, and colleagues in the 1980s that demonstrated vegetal 
cells become committed to endoderm fate during gastrulation 
(Heasman et al. 1984; Wylie et al. 1987). A spatial-temporal 
catalog of TFs expressed in the gastrula endoderm has been 
generated (Blitz et al. 2017), and many TFs remain to be 
incorporated into the endoderm GRN. Additional details on 
the GRNs of germ layer formation can be found in Cho and 
Blitz (Chapter 12 of this book). 


18.4. ENDODERM PATTERNING 


In the following section, we discuss the molecular control of 
endoderm patterning during gastrulation (Figure 18.3) and 
during neurula/somitogenesis stages (Figure 18.4), which 
define the foregut, midgut, and hindgut progenitor domains. 


18.4.1. GAsTRULA-STAGE ENDODERM PATTERNING 


Gastrula endoderm pattern is intimately linked to its initial 
formation. In the 1990s and early 2000s, pioneering work 
by Eddy De Robertis, Richard Harland, Christof Niehrs, 
and colleagues defined the molecular nature of the verte- 
brate organizer wherein secreted Wnt/BMP-antagonists, 
expressed in the dorsal-anterior organizer mesendoderm, 
regulate pattern of all three germ layers during gastrulation; 
this work in Xenopus identified principles that turned out 
to be conserved in all vertebrates (De Robertis and Kuroda 
2004; see also Chapter 4 of this book). 

In Figure 18.3, we highlight molecular players driving 
distinct dorsal-anterior and ventral-posterior GRNs, which 
result in anterior and posterior endoderm domains identifi- 
able by expression of the TFs hhex and ventx1/2/3, respec- 
tively (Zorn et al. 1999; Rankin et al. 2011). Interestingly, 
these gastrula endoderm domains have distinct organ- 
forming competence due to BMP and Wnt-dependent early 
patterning (Rankin et al. 2018). 

In the dorsal-anterior GRN, maternal dorsal Wnt sig- 
naling co-operates with maternal vegetal TFs to drive 
high levels of zygotic Nodal signaling and induce a num- 
ber of organizer-specific homedomain (HD) TFs, including 
Siamois (Figure 18.2D), Twin/Sia2, Otx2, Lim1/Lhx1, and 
Goosecoid (Figure 18.3E; Zorn et al. 1999; Rankin et al. 
2011). These HD TFs in turn activate expression of BMP/ 
Wnt-antagonists, including Chordin, Noggin, Cerberus, 
Dkk1, and Sfrps (secreted frizzled related proteins, Sfrpl, 
Sfrp2, and Frzb/Sfrp3) (Figure 18.3C,E); the HD TFs also 
promote transcription of hhex. We have performed extensive 
cis-regulatory analyses of the hhex locus, characterizing 
Wnt, Nodal, and HD TF responsive promoter and enhancer 
elements as well as Ventx-mediated repressive elements 
(Figure 18.3E; Rankin et al. 2011). Recent genome-wide 
analyses have expanded these findings and defined super- 
enhancers that are thought to act as transcriptional hubs 
that integrate combinations of the HD TFs as well as Foxh1/ 
Smad2 and Tcf/B-Catenin complexes to control transcrip- 
tion of regionally expressed endoderm genes throughout 
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FIGURE 18.3 Blastula and gastrula stage endoderm patterning in Xenopus. (A-B) Initial endoderm pattern during blastula (NF9) 
and early gastrula (NF10-11) stages is dependent on ventral-posterior BMP and Wnt8 signaling that is suppressed in dorsal-anterior 
organizer territory by BMP and Wnt antagonists. Nodal and maternal Wnt11/Sa signaling cooperatively induce expression of a num- 
ber of Homeodomain transcription factors (HD TFs, including Siamois, Twin/Sia2, Otx2, Lim1/Lhx1, and Goosecoid), which are 
required to activate expression of the BMP and Wnt antagonists. Abbreviations: V/P, ventral/posterior; D/A, dorsal-anterior. (C) In 
situ hybridization of X. laevis bisected early gastrula NF10.5 embryos. wnt8a, bmp4, and ventx1 are expressed in ventral-posterior 
mesendoderm, whereas anterior mesendoderm expresses dkk1, chordin, and hhex. (D) Transgenic X. laevis Wnt/B-Catenin reporter 
embryos Tg(WntREs:dEGFP)""""™ at stage NF10.25 or NF11 immunostained for eGFP (green) and phospho-Smad1/5/9 (red). At the 
early gastrula stage NF10.25, eGFP expression in the anterior endoderm is due to maternal Wnt11/5a activity; in contrast, in NF11 
embryos, organizer-expressed Wnt antagonists suppressed this signal and zygotic Wnt8a signaling activates the eGFP in ventral- 
posterior mesendoderm. Abbreviations: AE, anterior endoderm; PE, posterior endoderm. (E) Anterior and posterior gene regulatory 
networks regulating hhex expression. A bisected early gastrula NF10.5 transgenic Tg(—Skbhhex:gfp)“°"" embryo, immunostained for 
GFP, is shown. 


Source: Panel (E) is reproduced in part from Rankin et al. (2011). 
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blastula and gastrula stages (Paraiso et al. 2019; Gentsch 
et al. 2019; Afouda et al. 2020). Additional ChIP-seq studies 
suggest unique combinations of HD TFs can either promote 
or repress transcription: for example, Oxt2/Lim1 complexes 
stimulate transcription of dorsal-anterior endoderm genes 
like hhex, whereas Otx2/Goosecoid complexes repress ven- 
tral-posterior genes such as ventx1/2/3 and wnt& (Yasuoka 
et al. 2014; Yasuoka et al. 2019). 

During gastrulation, there is adramatic switch in the region 
of active Wnt signaling in the embryo, which can be visual- 
ized with transgenic Wnt reporter embryos Tg(WRE:dGFP), 
wherein canonical Tcf/Lef sites drive destabilized GFP 
expression (Figure 18.3D; Tran et al. 2010). Maternal Wnt 
signaling is high in the dorsal mesendoderm and low in the 
ventral side of the blastula and early gastrula, but as gas- 
trulation proceeds, the pattern is switched as zygotic wnt8 
becomes expressed in ventral posterior mesendoderm and 
Wnt-antagonists are expressed in the organizer. 

In the ventral-posterior GRN, zygotic Wnt8/B-Catenin 
and Bmp4/Smad1 act in a feedforward loop (Hoppler and 
Moon 1998; Fuentealba et al. 2007; Kjolby et al. 2019) 
and directly activate expression of the Ventx family of 
HD transcriptional repressors (Ventx1/2/3) (Figure 18.3C; 
Onichtchouk et al. 1996; Karaulanov et al. 2004; Hikasa 
et al. 2010). Ventx factors repress transcription of dorsal- 
anterior genes, including goosecoid and hhex (Sander et al. 
2007; Rankin et al. 2011); thus, a mutually antagonistic 
cross-repressive loop exists between the ventral-posterior 
and dorsal-anterior GRNs in the early gastrula embryo 
(Figure 18.3). 


18.4.2. NEURULA-STAGE ENDODERM PATTERNING 


During gastrulation, the hhex-expressing anterior endo- 
derm migrates to the future ventral foregut adjacent to the 
heart as the blastopore closes and the archenteron opens. 
Immediately behind the migrating anterior endoderm, a thin 
layer of dorsal endoderm forms the roof of the archenteron, 
whereas the ventx-expressing endodermal mass makes up 
the bulk of the ventral gut tissue. During the neurula and 
early somitogenesis stages (NF12-NF25), the endoderm 
continues to be patterned along its D-V and A-P axes by 
combinatorial BMP, Wnt/B-Catenin, RA, and FGF signaling 
(Figure 18.4A), and distinct domains of regional endoderm 
TF expression are obvious by NF20 (Figure 18.4B). This 
post-gastrula patterning in Xenopus is comparable to events 
that occur during E7-E9 in mouse gestation and 3-8 days of 
many human PSC differentiation protocols. 

During this post-gastrula period, bmp2/4/7 are expressed 
in the ventral splanchnic mesoderm, while BMP antago- 
nists noggin and chordin are produced dorsally from the 
notochord, generating a D-V gradient of phosphorylated 
Smad1/5/9 (pSMADI) activity in the embryo (Figure 
18.4A,B). High BMP promotes ventral gene expression in 
both the foregut and hindgut, whereas low BMP permits a 
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dorsal endoderm identity (Stevens et al. 2017). BMP from 
the ventral mesoderm induces expression of a number of 
secreted Wnt antagonists in the foregut including sfrp1/2/5 
(Kenny et al. 2012; Stevens et al. 2017), which are required 
to maintain a low level of Wnt11-Fzd7 signaling essential for 
proliferation, morphogenesis, and identity of hhex+ progeni- 
tors (McLin et al. 2007; Li et al. 2008; Zhang et al. 2013a). 
In the posterior domain, BMP and Wnt ligands secreted 
from the mesoderm cooperate to maintain ventx+ hindgut 
fate and induce the expression of cdx2, a HD TF essential 
for intestinal development in all vertebrates (Stevens et al. 
2017). 

RNA-seq and ChIP-seq analyses of stage NF20 embryos 
have uncovered how foregut and hindgut progenitor cells 
transcriptomes are regulated by BMP/pSmad1 and Wnt/p- 
Catenin at a genomic level (Stevens et al. 2017). These stud- 
ies identified hundreds of enhancers co-occupied by Smadl 
and B-Catenin and revealed the unexpected observation that 
their chromatin occupancy was associated with both tran- 
scriptional activation and repression (Stevens et al. 2017). 
Moreover, Wnt-inhibited enhancers often lacking canoni- 
cal TCF DNA-binding motifs, suggesting a novel mode of 
repression, which remains to be resolved. 

RA signaling regulates both D-V and A-P pattern, with 
RA production being spatially controlled by restricted expres- 
sion of the RA-synthesizing enzyme Aldhla2 (Raldh2) in 
anterior lateral plate mesoderm and RA-degrading Cyp26 
enzymes in pharyngeal and hindgut territories (Figure 
18.4A,B). This is thought to generate a gradient of RA 
activity highest in dorsal-posterior foregut and lower in 
the pharynx and hindgut. Genomic studies have uncov- 
ered RA-target genes and identified a number of feedback 
mechanisms between BMP, Wnt, RA, and FGF. RA pro- 
motes expression of Wnt-antagonists such as ndrgla and 
sfrps (Zhang et al. 2013b; Damianitsch et al. 2009) and high 
levels of ventral BMP restrict aldhla2 so that it is more 
robustly expressed dorsally (Stevens et al. 2017). FGFs from 
the posterior mesoderm co-operate with Wnt to promote 
the caudal expression of both cdx2 and cyp26, which limits 
RA activity in the hindgut (Shiotsugu et al. 2004; Deimling 
and Drysdale 2011). RA in turn restricts expression of fef8 
and fgf4 to the pharynx and hindgut (Shiotsugu et al. 2004; 
Arima et al. 2005). 

The result of this combinatorial BMP, Wnt, RA, and FGF 
signaling is the restricted expression of lineage-promoting 
TFs, anumber of which are shown in Figure 18.4B. Mutations 
in many of these TFs are associated with human congenital 
syndromes affecting the digestive or respiratory systems: 
for example, tbx1 is expressed in the pharyngeal endoderm 
and is lost in 22q11.2 Deletion syndrome (DiGeorge syn- 
drome, OMIM# 188400); rfx6 marks posterior foregut and 
mutations cause Mitchell-Riley syndrome (OMIM# 615710; 
Smith et al. 2010); mnx/ is expressed in dorsal endoderm 
lining the archenteron roof, and mutations are associated 
with Currarino syndrome (OMIM#176450; Han et al. 2020); 
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FIGURE 18.4 Neurula-stage endoderm patterning in Xenopus. (A) Schematic of stage NF20 Xenopus embryo with the signaling 
domains of Wnt/P-Catenin (orange), BMP (green), and RA (blue) highlighted. The combinatorial nature of these signals along the 
anterior-posterior (A-P) and dorsal-ventral (D-V) axes patterns the developing endoderm, resulting in expression patterns of the tran- 
scription factors shown in (B). (B) Jn situ hybridization of the indicated genes in stage NF20 X. laevis embryos. Expression domains are 
as follows: sox17a, pan-endoderm; wnt//, ventral lateral plate mesoderm; bmp4, ventral lateral plate mesoderm; aldh1a2, anterior lateral 
plate mesoderm (external view); foxa2, pharyngeal and foregut endoderm; sfrp5, anterior foregut endoderm; chordin, dorsal notochord 
mesoderm; cyp26a1, pharyngeal and hindgut mesendoderm; gata6, ventral foregut endoderm and ventral foregut mesoderm; mnxl, 
dorsal endoderm (archenteron roof); hhex, ventral foregut/hepatic endoderm; hnf4a, foregut and midgut endoderm; tbx1, pharyngeal 
endoderm; vpp/, anterior foregut/pancreatic endoderm; cdx2, midgut and hindgut endoderm; satb2, distal-most hindgut endoderm. 


and cdx2 mutations are associated with persistent cloaca and 
abnormal cdx2 expression with Barrett’s esophagus (Hsu 
et al. 2018; Colleypriest et al. 2010). 

The molecular mechanisms that link these progenitor- 
restricted TFs to organ specification are still poorly under- 
stood. One hypothesis is these TFs regulate the epigenetic 
status of chromatin, which imparts developmental compe- 
tence to subsequent signaling events. This may explain how 
the same growth factors, reiteratively active during pattern- 
ing and organ induction, can regulate distinct transcrip- 
tional programs. For example, Wnt/BMP promote hindgut 
and repress foregut fate in the neurula stage, yet only hours 
later, Wnt/BMP then induce lung fate in foregut progenitors. 
Indeed, investigations into the molecular basis of develop- 
mental competence connecting lineage-promoting TFs to 


chromatin dynamics and epigenetic status of enhancers is 
an exciting and intensive area of endoderm organogenesis 
research (Wang et al. 2015; Vinckier et al. 2020). With the 
advent of single-cell transcriptomics in Xenopus embryos 
(Briggs et al. 2018), we predict that epigenetic analysis of 
experimental perturbations will reveal insight into the 
mechanisms of dynamic developmental competence. 


18.5. INDUCTION OF ENDODERM ORGAN FATE 


In Figure 18.5, we summarize the combinations of sig- 
nals required for induction of different endoderm lineages. 
By NF35, most organ lineages can be visualized by the 
regional expression of TFs and signaling molecules along 
the embryo’s A-P axis (Figure 18.5B), and in the following 
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FIGURE 18.5 Combinatorial signals regulating Xenopus organ fate induction and expression of selected lineage-promoting transcription 
factors. (A) Schematic of stage NF35 Xenopus gut tube (yellow). Pink shading represents splanchnic mesoderm, the source of most of the 
indicated signaling molecules (exception of HH, which is produced by the endoderm). Organ primordia indicated in green along the endo- 
derm gut tube. (B) /n situ hybridization of the indicated genes in stage NF35 X. laevis embryos. Expression domains are as follows: foxel, 
pharyngeal endoderm; sox2, pharyngeal, foregut, stomach endoderm; nkx2-—1, thyroid, lung/trachea endoderm; pdx1, dorsal and ventral 
pancreatic, stomach endoderm; ptfla, dorsal and ventral pancreatic endoderm; onecutl, dorsal and ventral pancreatic, stomach, liver, gall 
bladder endoderm; shh, pharyngeal, foregut, stomach, gall bladder endoderm; dhh, foregut, midgut, hindgut endoderm; osr/, foregut, mid- 
gut, hindgut endoderm; cdx2, midgut and hindgut endoderm; gata4, heart, foregut, midgut endoderm; satb2, hindgut endoderm. 
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section, we discuss how combinatorial mesenchymal sig- 
nals, some of which are dependent on paracrine cross-talk 
with the endoderm itself, induce organ lineages. 


18.5.1. PHARYNGEAL ENDODERM AND THYROID 


The pharyngeal endoderm contributes to the thymus, thy- 
roid, and parathyroid. While the molecular markers of the 
thymus and parathyroid are conserved between mammals 
and Xenopus (Lee et al. 2013; Manley and Condie 2010), 
the molecular mechanism of their development has not been 
extensively investigated in Xenopus. We therefore focus on 
conserved mechanisms of pharyngeal endoderm formation 
and thyroid induction. 

Pharyngeal endoderm cells express TFs such as Foxel, 
Tbx1, and Sox2 (Figure 18.5B), and FGF signaling during 
NF20-NF34 promotes their expression (Rankin et al. 2012; 
Shifley et al. 2012; Kurmann et al. 2015). BMP signaling 
has temporally dynamic effects on pharyngeal endoderm 
development. During neurula stages, high levels of BMP in 
the foregut inhibit pharyngeal identity and directly repress 
tbx1 (Stevens et al. 2017); however, subsequent BMP sig- 
naling, from NF20-NF34, is required for pharyngeal fate 
and thyroid gene expression (Kurmann et al. 2015). Thyroid 
progenitors, which co-express the TF genes nkx2-1, foxel, 
hhex, and pax2 (pax2 in Xenopus is analogous to pax8 in 
mammals), are induced in response to combinatorial FGF 
and BMP signals in a region of low RA activity (Wang et al. 
2011; Kurmann et al. 2015). RA is an evolutionarily ancient 
patterning signal that defines the posterior boundary of the 
pharynx in both invertebrates and vertebrates (Kelly and 
Drysdale 2015). Studies in Xenopus have shown that in addi- 
tion to suppressing foxel+ pharyngeal fate (Rankin et al. 
2018), RA acts as regulatory switch between thyroid and 
lung: exogenous RA is sufficient to drive ectopic, lung-spe- 
cific surfactant gene expression in the thyroid/pharyngeal 
domain, simultaneously suppressing thyroid and pharyngeal 
markers (Wang et al. 2011; Rankin et al. 2018). 


18.5.2. LUNG, TRACHEA, AND ESOPHAGUS 


Reciprocal mesoderm-endoderm paracrine signaling 
between the foregut lateral plate mesoderm and underlying 
foregut endoderm is necessary for induction of Nkx2-1+ 
respiratory progenitors. Studies in Xenopus helped define 
a conserved GRN regulating pulmonary induction that 
involves RA, Hedgehog (HH), Wnt, and BMP signals, as 
well as the TF Tbx5 (Figurel8.6A—F). Mesoderm-produced 
RA is required for HH ligand expression in the endoderm, 
and HH ligands then signal back to the mesoderm via Gli 
TFs, which act together with Tbx5 to promote expression of 
wnt2/2b and bmp2/4/7 ligands in the ventral foregut meso- 
derm (Rankin et al. 2016; Steimle et al. 2018). Canonical 
Wnt/B-Catenin signaling is necessary and sufficient for 
nkx2—I induction in the ventral foregut epithelium (Steimle 
et al. 2018; Rankin et al. 2016). Ventral BMP signaling 
restricts expression of the key esophageal TF Sox2 to the 
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dorsal foregut epithelium (Domyan et al. 2011; Rankin et al. 
2015). In addition to its repressive effect on Sox2, BMP also 
plays an additional, yet mechanistically unknown, function 
in nkx2—1 induction or early maintenance, as the experimen- 
tal removal of Sox2 cannot substitute for the role of BMP 
during either Xenopus respiratory induction or during the 
directed differentiation of human PSCs into respiratory pro- 
genitors in vitro (Trisno et al. 2018). 

After D-V patterning, between NF37—NF44, the foregut 
separates into a distinct ventral trachea and dorsal esopha- 
gus (Rankin et al. 2015; Nasr et al. 2019). In humans, dis- 
ruptions in this process result in life-threatening congenital 
defects such as esophageal atresia (a partial absence of 
the esophagus), tracheoesophageal fistulas, or laryngo- 
tracheoesophageal clefts, which occur in about | out of 
every 3500 live births (Brosens et al. 2014). Comparative 
studies in Xenopus and mouse have identified the conserved 
cellular mechanism that control tracheal-esophageal (T-E) 
morphogenesis (Nasr et al. 2019). These include the forma- 
tion of a transient epithelial septum at the Sox2/Nkx2-1 dor- 
sal/ventral boundary as well as the resolution of this septum, 
a process involving endosome-mediated epithelial remodel- 
ing and localized extracellular matrix degradation (Figure 
18.6G). Additional studies in Xenopus and mouse also found 
a conserved requirement of the homeodomain TF Islet! in 
TE separation (Kim et al. 2019), wherein Islet! is thought 
to help maintain nkx2-/ expression in boundary/midline 
epithelial cells. Interestingly, in humans, chromosomal dele- 
tions at 5q11.2, which encompass the JSLET/ gene (and oth- 
ers), are found in patients with tracheal agenesis (de Jong 
et al. 2010). 

Experiments in Xenopus and mouse indicate that T-E 
morphogenesis is regulated by HH, although the precise 
HH/Gli-target genes are unclear. Indeed CRISPR-mediated 
mutation of gli3 in Xenopus to mimic heterozygous trun- 
cating mutations observed in human GLI3 in Pallister-Hall 
syndrome (OMIM #146510) resulted in defective epithelial 
remodeling and laryngo-tracheoesophageal clefts, similar to 
human Pallister-Hall syndrome patients (Nasr et al. 2019). 
The genetic etiology of trachea-esophageal birth defects 
is poorly understood, and although genome sequencing 
of patients identifies many de novo variants, determining 
which mutations are causative remains a major challenge; 
groups such as the CLEARconsrtium.org are using Xenopus 
CRISPR screens to validate candidate genes and place them 
into developmental pathways involved in T-E development. 


18.5.3. PANCREAS AND LIVER 


Xenopus pancreas development has been extensively 
reviewed, and important insights into evolutionarily con- 
served mechanisms governing pancreas induction have been 
made in Xenopus (Kelly and Melton 2000; Pearl et al. 2009; 
Kofent and Spagnoli 2016), including the initial cloning of 
the master pancreatic TF gene pdx/ (Wright et al. 1989) 
(Figure 18.5B). The use of Xenopus to study congenital pan- 
creatic disorders and diseases such as diabetes, MODY, and 
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FIGURE 18.6 Regulation of respiratory progenitor induction and tracheoesophageal separation in Xenopus. (A) Schematic of a 
cross-section through the NF32-NF35 Xenopus foregut. Bi-directional signaling between the lateral plate mesoderm (tan) and the 
endoderm (blue, red) involving RA, HH, Wnt, and BMP governs induction of Nkx2-1 respiratory progenitors (red) in the ven- 
tral foregut. Notochord indicated in gray, which expresses the BMP antagonist Noggin. A ventral (high) to dorsal (low) gradient 
of Wnt/P-Catenin and BMP/pSmadl/5/9 activity exists along the foregut dorsal-ventral axis. (B-C) Immunostaining of NF34/35 
X. laevis foregut sections for the indicated color-coded factors. In B, FoxF1 (green) is expressed in lateral plate mesoderm; Sox2 
(blue) in dorsal esophageal progenitors; Nkx2-1 (red) in ventral respiratory progenitors. In C, Aldhla2 (green) is expressed in lateral 
plate mesoderm; phosphorylated Smad1/5/9 (pSmad, red) in ventral endoderm and mesoderm. (D-F) /n situ hybridization of NF34/35 
X. laevis foregut sections of shh (expressed in both dorsal and ventral endoderm) and wnt2b, bmp4 (both expressed in ventral lateral 
plate mesoderm). (G) Schematic of tracheal-esophageal separation and morphogenesis in Xenopus, from stages NF35 to NF44. Key 
events are diagrammed in the section schematics below the separating foregut tube cartoons. By NF35, medial constriction is pro- 
gressing; subsequently, from NF36—NF40, a transient epithelial septum (purple) forms wherein midline epithelial cells (MECs) touch 
and down-regulate their apical membrane surface proteins. Separation of the dorsal esophagus (e) and ventral trachea (t) involves 
epithelial as well as extracellular matrix (ECM) remodeling and laminin basement membrane breakdown adjacent to the epithelial 
septum. (H) Immunostaining of NF41 X. laevis foregut section, showing Foxf1+ mesoderm cells (green) between the separating dor- 
sal esophagus (e) and ventral trachea (t). 
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pancreatic hypoplasia/agenesis has also been thoroughly 
reviewed (Salanga and Horb 2015; Kofent and Spagnoli 
2016). We therefore highlight studies in Xenopus that have 
defined mechanisms governing a pancreas versus liver fate 
choice that occurs in multipotent ventral foregut endoderm 
cells. 

During neurula patterning stages, canonical Wnt/B- 
Catenin signaling must be suppressed in foregut endo- 
derm to allow for subsequent liver and pancreas induction 
(McLin et al. 2007; Li et al. 2008). Studies in Xenopus, 
mouse, zebrafish, and human PSC-derived endoderm have 
all demonstrated that ventral pancreas and liver progeni- 
tors arise from multipotent ventral foregut endoderm cells, 
and prolonged FGF and BMP signaling promotes liver over 
pancreatic fate (Deutsch et al. 2001; Wandzioch and Zaret 
2009; Shifley et al. 2012; Kenny et al. 2012; Loh et al. 2014; 
Twaroski et al. 2015). BMP signaling must be suppressed in 
a subset of these foregut progenitors to allow for pancreatic 
induction. This involves the TALE-family homeodomain 
protein Tgif2, which is initially expressed in the multipo- 
tent foregut progenitors and then selectively maintained in 
the pancreatic lineage. Tgif2, identified in Xenopus as direct 
target of the TF Gata5 in foregut endoderm, is required 
for pdx1 expression, can physically interact with SMADI, 
and functionally suppresses BMP signaling to permit pan- 
creas fate (Spagnoli and Brivanlou 2008; Cerdá-Esteban 
et al. 2017). As RNA-seq and ChIP-seq studies identified 
Gata5 as a direct BMP/pSMADI target (Stevens et al. 
2017), a BMP>pSMAD1>Gata5>Tgif2—| BMP negative 
feedback cascade thus regulates in pancreas induction. It 
is unclear if Tgif2 is actively repressed from the Gata5- 
expressing hepatic lineage or if additional signals, such as 
non-canonical Wnt and RA signaling, both of which also 
promote pancreatic fate (Stafford et al. 2004; Rodríguez- 
Seguel et al. 2013), selectively maintain tgif2 expression in 
pancreatic progenitors. 

Non-canonical Wnt signaling promotes pancreatic fate. 
Xenopus studies demonstrated that WntSa/Atf2 signaling 
can expand the expression domains of the master pancre- 
atic TFs Pdx1 and Ptfla at the expense of hhex-positive/ 
nrlh5-positive liver progenitors (Rodríguez-Seguel et al. 
2013). Similar effects of WNTSA and the expression of non- 
canonical WNT pathway components have been observed 
during the directed differentiation of both mouse and human 
PSCs into pancreatic progenitors (Rodriguez-Seguel et al. 
2013; Cebola et al. 2015). 

RA is an essential, conserved signal necessary for pat- 
terning the posterior foregut and for induction of Pdxl- 
expressing pancreas progenitors (Stafford et al. 2004; Chen 
et al. 2004). Transcriptional profiling in Xenopus has identi- 
fied direct RA targets, which include the TF hnf7b and the 
Wnt-receptor frizzled 4 (fzd4) (Gere-Becker et al. 2018). 
Hnflb is a conserved regulator of liver and pancreatic devel- 
opment in vertebrates (Gere-Becker et al. 2018; Lokmane 
et al. 2008; Poll et al. 2006; Kotalova et al. 2015) and het- 
erozygous mutations in human ANFIB resulting in MODY 
(OMIM #606391). RNA-seq studies in mouse also identified 
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Fzd4 expression to be enriched in pancreatic progenitors 
(Rodriguez-Seguel et al. 2013), but it remains to be tested if 
the non-canonical Wnt signal that promotes pancreatic fate 
utilizes Fzd4. Finally, it is still unclear how the FGF, BMP, 
RA, and non-canonical Wnt pathways interact in an epistatic 
and combinatorial manner to regulate a pancreatic versus 
hepatic GRN. 

Repression of alternative fate by the master pancreatic 
TFs Pdx1 and Ptfla is also important during pancreas induc- 
tion. Experimental overexpression of pdx//ptfla messenger 
RNAs is sufficient to change the fate of Xenopus foregut 
endoderm into pancreatic tissue (Afelik et al. 2006; Jarikji 
et al. 2007); consistent with these observations, ChIP-seq 
studies in human pancreatic progenitors revealed that PDX1 
binds and represses hepatic genes to ensure pancreatic 
lineage commitment (Teo et al. 2015; Wang et al. 2018). 
Additional Xenopus studies have shown that the histone 
methyltransferase Setd7 is necessary for pdx/ expression 
and for establishment of active histone marks at pancre- 
atic promoters (Kofent et al. 2016). How Setd7 is specifi- 
cally recruited to pdx/ and other pancreatic loci is currently 
unclear, but an intriguing hypothesis is that FOX TF activ- 
ity and/or RA signaling, both known to regulate enhancer 
status, could be involved (Wang et al. 2015; Vinckier et al. 
2020). 


18.5.4. STOMACH 


RA and FGF signaling during NF25-NF33 is required 
for the formation of sox2-expressing stomach progenitors, 
and these signals act in part via inducing expression of the 
zinc-finger transcriptional repressors Osrl and Osr2, which 
restrain BMP signaling (Rankin et al. 2012). Experimental 
BMP/Smad1 gain-of-function during this developmental 
window suppresses stomach progenitor induction (Rankin 
et al. 2012). Conserved mechanisms that drive the curvature 
of the stomach have also been identified in Xenopus (Davis 
et al. 2017). During stomach morphogenesis from NF34— 
NF39, the left stomach epithelium becomes polarized and 
undergoes radial rearrangement; these asymmetries are 
observed in both mouse and Xenopus and are dependent 
on the left-right patterning genes foxjl, nodall, and pitx2 
(Davis et al. 2017). 


18.5.5. INTESTINE 


Intestinal fate is promoted by posteriorizing Wnt/BMP/FGF 
signals, which cooperate to induce and maintain expression 
of the master intestinal TF Cdx2 (Zorn and Wells 2009; 
Stevens et al. 2017; Rankin et al. 2018). RA signaling during 
NF14-NF25 acts as a molecular toggle between cdx2-pos- 
itive/gata4-positive midgut and cdx2-positive/satb2-positive 
hindgut fate (Figure 18.5B; Rankin et al. 2018; Múnera et al. 
2017). Although Xenopus has a cloaca and not a colon, the 
existence of gata4-positive midgut and satb2-positive dis- 
tal hindgut progenitors demonstrates conserved molecular 
pattern of the intestine amongst frog, mouse, and human; 
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indeed, SATB2 expression has proven to be a useful early pat- 
terning marker to assess successful directed differentiation 
of human PSCs into colonic organoids (Múnera et al. 2017). 

The developmental effects resulting from simultaneous 
functional depletion of the three cdx genes (cdx1/2/4) typi- 
cally present in vertebrate genomes was first determined in 
Xenopus; this work provided evidence that Cdx and Wnt3a 
function in a positive feedback loop operating in the hindgut 
(Faas and Isaacs 2009; Keenan et al. 2006). More recent 
RNA-seq studies of individual and triple Cdx loss-of-func- 
tion embryos revealed further cross-talk between Cdx and 
FGF, identifying unappreciated negative feedback loops 
wherein Cdx restrains fef4/8 levels as well as a unique 
restraint on HH signaling by Cdx4 (Marlétaz et al. 2015). 
Mutations in human CDX2 are associated with the congeni- 
tal defect persistent cloaca (Hsu et al. 2018), and imbalances 
in posterior WNT, FGF, and HH signaling result in defec- 
tive hindgut development in mice and humans (Runck et al. 
2014). As the GRNs downstream of these signaling path- 
ways and Cdx activity are still only partially understood, the 
rich resource of Cdx-regulated genes in Xenopus, combined 
with the robust ability to test epistatic relationships among 
signaling pathways and screen the effect of mutations in 
potentially causative factors, has the potential for Xenopus 
to provide needed insight into congenital syndromes affect- 
ing the intestine. 

Extensive work in Xenopus has also identified conserved 
Wnt/PCP-dependent mechanisms regulating intestinal mor- 
phogenesis. During NF32-NF46, dynamic changes in intes- 
tinal endoderm cell properties, including cell-cell adhesion 
and microtubule architecture, are regulated by Wnt/PCP sig- 
naling mediators (Rho, ROCK, non-muscle Myosin, JNK); 
loss of function of these factors disrupts endoderm cell inter- 
calation, epithelial morphogenesis, and gut tube elongation 
(Reed et al. 2009; Dush and Nascone-Yoder 2019). Such cell 
biological insights into intestinal development are also rele- 
vant to cancer, as many parallels exist between tumor patho- 
genesis and early embryo development. Indeed, Xenopus 
has been a useful model for studying cancer (Hardwick and 
Philpott 2018; see Chapter 21 of this book). 


18.6. CONCLUDING REMARKS 


Xenopus continues to be a powerful system to study fun- 
damental mechanisms of digestive and respiratory system 
organogenesis and disease. As high-throughput genomics, 
genome editing, proteomics, and pharmacological screen- 
ing are now routine in Xenopus, functional genomics and 
human disease modeling at a systems level is accelerating. 
We feel confident that future Xenopus research will continue 
to provide additional significant insights into both normal 
human organogenesis and congenital malformations. 
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19.1. HISTORICAL BACKGROUND 


Frogs were among the first species used in biomedical studies, 
including experimental approaches related to impairments of 
brain function. Early discoveries focused on the identification 
of general functional principles of the nervous system, which 
eventually led towards insights into the origin, progression, 
and potential treatment of neurological diseases in humans 
(e.g. Galvani, 1791; Aubert, 1881; Ewald, 1892). For a long 
time, these studies were almost exclusively conducted on 
various species of adult ranid frogs, such as Rana esculenta, 
temporaria, and catesbeiana, or on different species of toads, 
such as bufo (Ewald, 1892; Rubin, 1936; Guardabassi, 1955). 
Xenopus laevis as a model species appeared only between 
the 1930s and 1950s, in part driven by the increasing popu- 
larity of developmental biology (Blum and Ott, 2018). The 
first documented use of Xenopus in neurobiological research 
commenced with exploring the ability to regenerate tadpole 
tails (Jurand et al., 1954) and by exploring neurosecretory 
and regulatory mechanisms, including the pituitary gland 
(e.g. Charles, 1931; Dodd and Landgrebe, 1953). The sub- 
sequent worldwide radiation of Xenopus as a model organ- 
ism for neuroscience benefitted considerably from the prior 
use of ranid frog species. These latter frogs provided a large 
body of morpho-physiological information on the peripheral 
(PNS) and central nervous system (CNS), facilitated by the 
qualitative and quantitative phylogenetic conservation of 
many features of the brain and spinal cord in anurans (Llinás 
and Precht, 1976). The gradual but constant transition from 
ranid frogs to Xenopus as an anuran model was also driven 
by the progressive classification of increasing numbers of 
frogs as endangered species over the past 50 years, impacting 
the use of the former as experimental animals (Stuart 
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et al., 2004). The reduced availability of many ranid frog and 
other anuran species has in the meantime been more than 
compensated for by Xenopus species, with the predominance 
of laevis and tropicalis (Pearl et al., 2012). These species 
became highly suitable for experimental settings, as they can 
be made available in abundance at any time of the year due to 
their easy maintenance in captivity (Nieuwkoop and Faber, 
1994) across all developmental stages, ranging from embryos 
to tadpoles, and adults (McNamara et al., 2018). 

The systematically increasing use of Xenopus vastly 
expanded anuran experimental research into diverse bio- 
logical fields (Cline and Kelley, 2012). Such an expansion 
is credited to the large spectrum of modern technical, 
molecular, and genetic innovations that have emerged over 
the past decades, which can be easily applied to Xenopus 
(e.g. Pratt and Khakhalin, 2013). These latter advancements 
have facilitated the probing and manipulating of behavior- 
ally relevant neuronal circuits with considerable implica- 
tions for the understanding of basic neuro-computational 
and neuro-developmental aspects (Constantine-Paton and 
Cline, 1998; Ruthazer and Cline, 2004), as well as clini- 
cally relevant patho-physiological conditions (Lambert and 
Straka, 2012). While the overall sensory-motor capacity and 
behavioral performance of Xenopus adhere to general ver- 
tebrate principles, the particular eco-physiology, such as the 
permanent aquatic lifestyle, makes this species excellently 
suited to study specific sensory/motor adaptations. As one of 
the major hallmark features, and in contrast to other aquatic 
model species such as zebrafish, Xenopus allows studying 
the morpho-physiological transition from an animal with a 
fish-like swim style into a tetrapod with limb-based propul- 
sion with direct relevance for the functional organization of 
quadrupedal locomotion in terrestrial vertebrates (Combes 
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et al., 2004). The remarkable shapeshifting capacity dur- 
ing metamorphosis, even though inferior and irreversible 
compared to the extraterrestrial species of the changelings 
(Carey, 1999), is accompanied by an equally extensive neu- 
ronal restructuration and adjustment of motor proficiency. 
This reorganization thus offers unique insight into the 
extent of adaptive plasticity of the vertebrate nervous sys- 
tem, making Xenopus an outstanding model to study major 
neurobiological questions. Xenopus is therefore well suited 
to identify functionally relevant aspects of neurobiological 
systems, which is fundamental for the identification and 
understanding of vertebrate diseases, including those pres- 
ent in humans. 


19.2. PAST OBSERVATIONS IN 
NEUROBIOLOGY USING XENOPUS 


Most neuroscientific discoveries in frogs resulted from com- 
plementary work on ranid species and Xenopus. From early 
on, these studies focused on basic principles, such as ana- 
tomical connectivity, signaling patterns, neuronal plasticity, 
and behavior, which are summarized in the comprehensive 
masterpiece of Nieuwenhuys et al. (1998). Collectively, 
these studies provided the foundational understanding for 
functional aspects of the anuran nervous system (Figure 
19.1A1—5), though often without particular focus on topics 
related to health and disease. Novel tract tracing and intra- 
cellular recording techniques along with manipulations of 
embryonic tissue allowed the exploration of the organiza- 
tion and capacity of inducing plastic adaptations in a variety 
of sensory systems. While not necessarily exhaustive, this 
section highlights major discoveries of neurobiological prin- 
ciples obtained in anurans, with emphasis on the erstwhile 
available state-of-the-art methodologies and outcomes. 
Early research on cranial sensory organs and associated 
central targets produced multiple ground-breaking findings 
on topics of neuroanatomy and connectivity, largely based 
on cut-and-paste tissue experiments (Fritzsch et al., 2019). 
Hallmark studies included the discovery of visual field rep- 
resentations in the central nervous system (Sperry, 1944, 
1956). Combining optic nerve transections with behavioral 
assessment in adult frogs, a remarkable reconnection of 
optic nerve fibers with proper areas of the optic tectum was 
observed, which permitted restoration of visual capabilities. 
This culminated in sets of experiments in which eyes were 
rotated by 180°, effectively flipping and mirroring the retina. 
At that time, most behavioral experiments were limited to 
simple categorical evaluations, such as observing the direc- 
tion of a guided behavior in response to an external stimulus. 
Eye-rotated animals were presented with prey in a specific 
part of their visual field. This elicited capture responses 
which were oriented in the opposite direction to the location 
of the prey, confirming that the visual field had been mir- 
rored along with the retina (Sperry, 1944). Although initial 
experiments were performed in urodeles, the outcome was 
validated in frogs (Sperry, 1944). Combining such targeted 
perturbations and behavioral assays therefore demonstrated 
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the presence of peripheral subdivisions and tectal topogra- 
phies based on the identity of retinal subregions (Sperry, 
1956) (Figure 19.1A1). Further exploration of visual sys- 
tem connectivity continued with the milestone experiments 
by Constantine-Paton and Law (1978), which combined 
embryonic manipulations and neuronal tract/nerve trac- 
ings. Embryonic transplantation of an optic anlage onto 
Rana embryos generated three-eyed animals and allowed 
the evaluation of the connectivity pattern and neural tar- 
geting strategy of the supernumerary eye in the midbrain. 
Available techniques at that time, such as tracing with 
radioactive amino acids, revealed that the third eye gener- 
ated discrete alternating columns innervated by either one 
of the other eyes along the tectal surface (Constantine-Paton 
and Law, 1978). By expanding the findings on principles 
of visual connectivity specification, these results not only 
uplifted frogs into the realm of animal models with broad 
neurobiological relevance, but also demonstrated the suit- 
ability of these animals for determining key concepts of 
development and function of sensory systems (Constantine- 
Paton and Law, 1978; Fritzsch et al., 2019). 

The early contributions of Xenopus were no less prolific 
than those obtained in ranid frogs and further illustrated the 
ease of assessing sensory system networks and function in 
these species. The simplicity of embryonic manipulations 
in frogs, particularly in Xenopus laevis, allowed generat- 
ing animals with all-nasal or all-temporal retinas by graft- 
ing together halves of eye primordia in embryos before the 
initial innervation of the tectum (Gaze et al., 1963). With 
the advent of robust and reliable electrophysiological record- 
ings, it was possible to probe single-cell neuronal activity of 
tectal neurons in adult frogs after metamorphosis, provid- 
ing an objective functional assessment of sensory inputs into 
the midbrain. Visual field representation across the tectal 
surface in such animals revealed that each half-retina was 
mapped onto the tectum in a mirror-like fashion (Gaze et al., 
1963), leading to the conclusion that each half-retina reorga- 
nizes itself into a small full retina, with respective nasal and 
temporal identities (Meyer and Sperry, 1976). The biological 
implications of these results, particularly those obtained in 
Xenopus, emphasized the remarkable amount of plasticity 
and reorganizational capacity of developmental processes as 
opposed to regeneration in adult animals (Meyer and Sperry, 
1976). Moreover, these studies also showed the analytical 
power of electrophysiological recordings in the quest to 
decipher central representations of the sensory periphery. 

Combining early embryonic manipulations and tract 
tracing in Xenopus also helped exploring other sensory and 
motor systems as well as axonal pathfinding mechanisms, 
which are at the origin of the ontogenetic assembly of cir- 
cuits. Accordingly, eye primordia grafted onto the dorsal 
trunk (Giorgi and van der Loos, 1978) demonstrated cor- 
rect development of corresponding connections through 
the spinal cord by visualizing retinal ganglion cell neurites 
in the brain. Despite the caudally displaced origin of optic 
nerve fibers, the grafted eye innervated the correct tec- 
tal target site, provided that both innate eyes were ablated 
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beforehand (Giorgi and van der Loos, 1978). This method 
was further refined by employing xenografts from different 
Xenopus species and different sensory tissue origins (Koo 
and Graziadei, 1995). Eye primordia in Xenopus borea- 
lis were successfully replaced with olfactory primordia of 
Xenopus laevis, demonstrating that grafted olfactory tissue, 
identified by fluorescent chromosome staining, innervated 
the brain at the level of the missing optic nerve (Koo and 
Graziadei, 1995). This replacement approach was comple- 
mented by target-specific ablations, which, in combination 
with visualization of axonal pathways, revealed the extent of 
Xenopus CNS plasticity for rewiring within brain regions. 
Specifically, removal of the otic placode caused an expan- 
sion of adjacent cranial nerve projections into areas of the 
hindbrain that would normally receive inner ear afferent 
input (Fritzsch, 1990) (Figure 19.1A3). 

Embryonic manipulation-based approaches to assess 
neuronal circuit formation during Xenopus development 
were paralleled by more descriptive approaches, excessively 
exploiting horseradish-peroxidase placement and tracing 
techniques. The vast amount of resultant anatomical con- 
nection schemes, such as cerebellar projections (Gonzalez 
et al., 1984; van der Linden et al., 1990) (Figure 19.1A2) or 
descending pathways to the spinal cord (ten Donkelaar et 
al., 1981, 1991), formed the basis of the present knowledge 
about connectivity and circuit roadmaps of the Xenopus 
CNS (Nieuwenhuys et al., 1998). These anatomical descrip- 
tions guided corresponding physiological studies, thereby 
complementing the understanding of how anatomically 
defined neural circuits acquire and execute neuronal compu- 
tations based on afferent and efferent connections, although 
many of these electrophysiological studies were made on 
ranid frogs (Llinás and Precht, 1976). The discovery of 
neurophysiological principles particularly benefitted from 
studies on the frog spinal cord (Eccles, 1944). This included 
fundamental aspects of sensory signal processing as well 
as the morphological arrangement of spinal motoneurons 
(Frank and Westerfield, 1982). Initiated by Eccles’ use of 
frogs to study signal propagation and synaptic transmission 
in spinal motoneurons utilizing ortho- and antidromic elec- 
trical stimulation of spinal roots (Eccles, 1944), the spinal 
cord became for a long time a dominating model for study- 
ing motor control principles. Facilitated by their large cell 
size, single-cell recordings characterized how motoneurons 
interact with each other (Grinnell, 1966) and how muscle- 
specific functional neuronal populations innervate and 
control muscle fibers (Frank and Westerfield, 1982). This 
ultimately led to formulating hypotheses about physiologi- 
cal principles of limb motion control by the spinal cord in 
the framework of “force-fields” (Giszter et al., 1993; Tresch 
et al., 1999). 

Meanwhile, physiological studies on Xenopus utilized the 
specific eco-physiology of this species, which in contrast to 
most other frogs includes a retention of the mechanosensory 
lateral line system in adults (Shelton, 1970). Following the 
anatomical description of this sensory system throughout 
development (Shelton, 1970; Winklbauer, 1989), subsequent 
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functional analyses characterized the properties of neuro- 
mast sensory afferents in response to mechanical stimuli 
(Figure 19.1A4, top) (Kroese et al., 1978). The easy access 
to this sensory system at all hierarchical neuronal levels, 
in contrast to other aquatic anamniotes, made Xenopus an 
excellent model to investigate the spatio-temporal resolu- 
tion of sensory encoding of water motion and the subse- 
quent neuronal representation and computation, as well as 
the range and performance of induced motor responses such 
as turning behavior (Elepfandt et al., 1985) (Figure 19.144, 
bottom). However, the assessment of function by either ori- 
enting behaviors in adult Xenopus or of motoneuron activ- 
ity during the ontogenetic implementation of spinal circuits 
(Sillar et al., 1992) (Figure 19.145) was at that time limited 
to qualitative descriptions without the possibility for a more 
fine-tuned differentiation. 

In summary, Xenopus and Rana greatly contributed to 
the understanding of how sensory systems are peripherally 
structured, centrally represented, and involved in general 
vertebrate behavioral repertoires (Figure 19.1A). Various 
anuran species individually assisted in establishing the 
comprehension of neuronal connectivity in the CNS with 
growing relevance of Xenopus for investigating embryonic 
development. In particular, grafting methods followed by 
subsequent anatomical and functional assessments became 
instrumental in determining these principles. However, the 
lack of appropriate experimental tools often prevented quan- 
tification at cellular and sub-cellular levels, and due to lim- 
ited recording techniques, behavioral analyses were largely 
qualitative and categorical. Nonetheless, such detailed 
analyses are required for a more profound understanding of 
basic neurophysiological concepts and thus also for patho- 
physiological principles related to diseases. 


19.3. PRESENT STATUS OF THE FIELD— 
EXPERIMENTAL APPROACHES 


Recent decades have witnessed a considerable advancement 
in technical and analytical approaches in neuroscientific 
research. While many of these innovations were initiated in 
individual model systems, such as the development of the 
patch-clamp technique in Rana muscle fibers (Neher and 
Sakmann, 1976), a transfer to other organisms and cell types 
with respective species-specific adaptations has nonetheless 
expanded steadily (e.g. Liu et al., 2018). Such methods, how- 
ever, are only as useful as they are applicable to a particu- 
lar model system. In Xenopus, functional neurobiological 
studies have profited considerably from characteristics that 
permit the use of a wide variety of analytical techniques, 
which allow a sizable depth of probing and experimental 
manipulations (Figure 19.1B). In the following, these attri- 
butes will be featured to highlight the increasing ease with 
which Xenopus is currently used to answer fundamental 
neurobiological questions, driven to a considerable extent by 
more modern methodologies and conceptually innovative 
approaches. 
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FIGURE 19.1 Examples of Xenopus neural systems and analysis techniques demonstrating morpho-physiological aspects of the ner- 
vous system. (A) Selection of sensory (A1,3,4) and motor systems (A5), as well as central circuits (A2) to identify developmental 
and computational principles; optic nerve and eye manipulations combined with behavioral observation revealed rules of retino-tectal 
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FIGURE 19.1 (Continued) 

pathfinding (A1); tract-tracing and electrophysiological recordings outlined cerebellar anatomy and function (A2); embryonic removal 
of the inner ear demonstrated plasticity-driven reorganization during hindbrain development (A3); the use of mechanosensory stimuli 
(water waves) characterized the neuronal activity of lateral line nerve afferents (A4, top) and the discrimination capabilities underlying 
turning behavior (A4, bottom); the ontogeny of motoneuron activity revealed the network maturation dynamics across developmental 
stages (A5). (B) Examples of modern approaches in neurobiology using Xenopus. Embryos can be raised to unmanipulated, wild-type 
tadpoles (B1, top) or can be altered by genetic (B1, middle) and/or surgical manipulations (B1, bottom) for subsequent functional profil- 
ing; quantitative behavioral tracking, such as of avoidance responses, permits measurements of learned behavior (B2); single cells can 
be recorded in response to sensory stimulation (B3); the transparency of Xenopus tadpoles allows live imaging of selected neurons, 
demonstrating the progressive maturation of dendritic arborizations over consecutive days (B4). Cb, cerebellum; CF, climbing fiber; GC, 
granule cell; Hb, hindbrain; HC, hair cell; LL, lateral line; MN, motoneuron; Mut, Mutation; OB, olfactory bulb; OT, optic tectum; PC, 
Purkinje cell; RGC, retinal ganglion cell; SC, spinal cord; St., stage (Nieuwkoop and Faber, 1994); Te, telencephalon; V, 5th cranial nerve 
(trigeminal nerve); VIII, 8th cranial nerve; WT, wild-type. 


Source: Panels A3, A4 (bottom), A4 (top), A5, B3, B2, B4 are based on data by Fritzsch, 1990; Elepfandt et al., 1985; Kroese et al., 1978; Sillar et al., 


1992; Munz et al., 2014; Blackiston and Levin, 2013; Santos et al., 2018, respectively. 


Appreciation of the transformative anuran life cycle, 
particularly in Xenopus laevis, is evident from the early 
use of this model organism to establish neuroanatomical 
principles (e.g. Figure 19.1A1,2; Nieuwenhuys et al., 1998) 
and to assess questions of plasticity in embryonic circuit 
formation, as mentioned previously (e.g. Figure 19.1A3; 
Fritzsch, 1990). However, even greater advancements have 
been achieved by the use of developmental stage-specific 
analytical instruments and approaches (Figure 19.1B). 
Xenopus embryos in particular are highly suited for a vari- 
ety of manipulations that influence the formation of neu- 
ronal circuits (Figure 19.1B1). Techniques such as cutting 
and pasting of embryonic tissue have continued their use in 
modern studies (Figure 19.1B1, lower; Elliott et al., 2015; 
Blackiston et al., 2017), with a progressive introduction of 
combinatorial genetic and surgical manipulations (Duncan 
et al., 2019). Indeed, the ease with which gene expression 
can be modulated (Figure 19.1B1, middle; Tandon et al., 
2017; Naert et al., 2020) or molecular pathways perturbed 
nowadays (James et al., 2015) offers appealing methods 
for targeted disruption of morpho-physiological charac- 
teristics that classify specific neuronal circuits and brain 
regions (Figure 19.1B1). These abilities, coupled with the 
abundance and size of Xenopus embryos, permit accessibil- 
ity for various techniques. Such features are also favorable 
for reporting on the phenotypic success of a manipulation, 
such as genetically encoded fluorescently tagged proteins 
in combination with confocal microscopy (Bestman et al., 
2006). Extensive work using these methods has established 
Xenopus as a representative model for neurodevelopmental 
disorders, where disease modeling is readily approached by 
targeting clinically relevant genes and pathways (e.g. Lee et 
al., 2010; Pratt and Khakhalin, 2013; Willsey et al., 2020, 
2021). Given the effectiveness of modifications of the early 
developing nervous system, functional insight emerging 
from such manipulations have been best provided through 
the use of tadpoles, where a post-embryonic nervous system 
can be readily profiled (Figure 19.1B1). 

Xenopus tadpoles express many advantageous features 
which facilitate the evaluation of neurobiological principles. 
In particular, in vivo profiling of tadpole behavior (Figure 
19.1B2) forms an active way of approximating neuronal 


function by assessing the execution of motor commands 
(Dong et al., 2009; Blackiston and Levin, 2013). Current 
methodologies in behavioral assessments are strengthened 
by equipment with high-resolution motion tracking abili- 
ties (Viczian and Zuber, 2014), such as high-speed cameras 
that enable frame-by-frame comparisons of, for example, 
swimming-related tail undulations (Lambert et al., 2020) and 
head/body turn directions (Zarei et al., 2017; Gambrill et al., 
2018; Hanzi and Straka, 2017). Such measurements are often 
accompanied by automated tracking algorithms, exploiting, 
for example, the contrast between the relatively opaque eyes 
and the translucent body to demonstrate the developmental 
progression of eye movement performance (Lambert et al., 
2020). Behavioral studies in this manner offer the possibility 
for non-invasive measurements of functional consequences 
of CNS manipulations, such as those following alteration of 
gene expression in embryos (Falk et al., 2007; Tandon et al., 
2017; Duncan et al., 2019) or tadpoles (Liu and Haas, 2011; 
Bestman and Cline, 2020) (Figure 19.1B1). Thus, conserved 
vertebrate genes and molecular pathways can be readily tar- 
geted either early in development or after a particular brain 
region has fully formed and followed by subsequent evalua- 
tion of corresponding phenotypes (e.g. Tosa et al., 2015). Such 
assessments thus interrelate to genes and pathways that are 
commonly disrupted in disease models. 

The ability to profile and quantify tadpole behavior per- 
mits assessment of cognitively derived responses (Figure 
19.182). Learned associations of a visual stimulus with 
noxious shocking punishments provides a method to deter- 
mine the extent of recall performance in Xenopus tadpoles 
(Blackiston and Levin, 2013). When limited to visual input 
exclusively from a singular grafted eye on the trunk, this 
methodology revealed the ability of ectopic sensory input 
to be successfully integrated, despite the absence of clearly 
defined sensory pathways into the brain (Blackiston and 
Levin, 2013). This latter result is particularly striking given 
the ability to augment successful integration with pharma- 
cological agents (Blackiston et al., 2017). Such results are 
promising for insight into regenerative therapies in humans 
and highlight the successful use of Xenopus in this field. 
While this review has so far made no distinction between 
tadpole stages, general behavioral tracking is applicable to 
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animals of all age groups, including post-metamorphic frog- 
lets (Combes et al., 2004; De Vidts et al., 2019). This further 
presents as a method to identify differences in kinematic 
profiles between Xenopus stages (Hanzi and Straka, 2017), 
allowing inferences across developmental periods. 

The computational ability of cells and neuronal circuits, 
while often approximated by behavior, are more precisely 
investigated by electrophysiological recordings (Figure 
19.1B3). Xenopus species are suitable for such studies due to 
the accessibility of the CNS. Patch-clamping and sharp elec- 
trode intracellular recordings can be performed at various 
levels, depending on the feature of interest. The resolution 
of patch-clamping (Figure 19.1B3) can infer ion channel cur- 
rent dynamics and synaptic properties and thus yield insight 
into the integrative capacity of cell membranes (Engert et 
al., 2002; Pratt and Aizenman, 2007). Extracellular single- 
or multi-unit recordings, while lacking this specificity, none- 
theless approximate neuronal activity and are experimentally 
more rapid, effectively increasing the number of recorded 
cells. In Xenopus research, such techniques were extensively 
used to characterize neuronal response characteristics in the 
midbrain to a range of stimuli following mechanosensory 
lateral line stimulation (Behrend et al., 2006) or to measure 
receptive fields in the optic tectum (Gaze et al., 1963). On 
a broader level, low-impedance electrodes record the field 
potential produced by larger numbers of neurons, providing 
the activity status across an entire group of neurons (Bibikov 
and Elepfandt, 2005). Collectively, these methods are ide- 
ally suited for linking a particular behavior to the underlying 
neuronal activity. For example, neuronal correlates of avoid- 
ance behavior in Xenopus were approximated by examin- 
ing receptive fields of tectal neurons following visual scene 
motion (Dong et al., 2009). After quantifying receptive field 
size, a correlation of the strength of the avoidance response 
with sharper receptive fields was discovered. Chemical and 
physical manipulations of the tectum or training of the visual 
system further explored the dependency of this behavior on 
receptive field properties. While certain electrode recordings 
are still unparalleled in their level of detail on the electrical 
signature of neurons (see also subsequently), non-invasive 
alternatives, such as calcium-imaging, have now all but 
replaced extracellular recordings. For these optical meth- 
ods, Xenopus tadpoles excel due to their transparency and 
small size and have been used in determining computations 
across entire brain regions. Calcium-imaging of cellular 
activity is particularly compelling in its capacity to assess 
larger brain regions (Podgorski et al., 2012), an ability that 
is often constrained by size and transparency in mammalian 
models. In line with such optical measurements, time-lapse 
imaging of neurons and their associated neurites are readily 
accomplished in Xenopus (Figure 19.1B4), and are suitable 
for imaging of, for example, dendritic growth of tectal cells 
in real time (Munz et al., 2014). While most physiological 
studies focus predominantly on visual pathways (e.g. Liu 
et al., 2018), investigations of other systems have been just 
as illuminating, including motion-sensitive circuits during 
locomotion (Lambert et al., 2020) and mechanosensation 
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(Behrend et al., 2006). Given the conserved nature of these 
sensory and motor control systems, emerging conclusions 
find themselves applicable to other vertebrates. 

While embryos and tadpoles represent the stages most 
commonly used with modern technical applications, post- 
metamorphic stages are just as suited to a variety of func- 
tional studies. A particularly useful and unique experimental 
feature of Xenopus is the gradual change in body plan during 
metamorphosis. Xenopus possess most advantages present 
also in zebrafish, such as transparency of the brain and body, 
small numbers of neurons, and almost unlimited accessibil- 
ity for experimentation. However, Xenopus has additional 
benefits provided by the metamorphic transition into a qua- 
drupedal vertebrate, with comparable motor control prin- 
ciples as present in mammalian species. This duality in 
lifestyle makes Xenopus ideally suited for studies aiming at 
the identification of functional features that undergo modifi- 
cation during metamorphosis, such as spinal motor patterns 
(Combes et al., 2004), which provides standing precedence 
for the plasticity of spinal network function in vertebrates. 


19.4. FUNCTIONAL NEUROBIOLOGY 


USING IN VITRO PREPARATIONS 


Disorders of the nervous system often manifest as functional 
impairments, which can involve a variety of brain regions 
and modalities (Raichle, 2015). While an in vivo approach 
is usually necessary for systemic assessment of biomedical 
questions, it is often associated with considerable experimen- 
tal constraints. Aspects such as level and type of anesthesia, 
bleeding, accessibility for surgery, and unexpected movements 
form considerable challenges that can render neurobiological 
studies on intact animals extremely difficult, if not impos- 
sible. In vitro models, such as slice preparations (e.g. Götz 
et al., 2021) or organotypic cell cultures (e.g. Koehler et al., 
2017) have historically been employed as suitable alternatives 
to circumvent these constraints. However, while extremely 
beneficial for the discovery of many cellular, subcellular, and 
molecular aspects of brain function, questions concerning 
systemic neurobiological principles or even behavioral conse- 
quences of CNS manipulations or impairments remain out of 
reach with in vitro approaches such as these. 

While the benefits of experimental accessibility limit the 
range of addressable scientific questions for most in vitro 
vertebrate models, amphibians form a remarkable exception. 
In particular, Xenopus species are able to almost entirely 
bypass such in vitro restrictions. This is related to the fact 
that larvae and adults of Xenopus allow the generation of 
isolated, semi-intact in vitro preparations with various levels 
of surgical reductions of tissues (Straka and Simmers, 2012). 
Preparations, such as isolated whole heads, maintained in 
simple frog Ringer solution remain viable for several days 
and provide access to all CNS circuits between the olfac- 
tory bulb and the caudal end of the spinal cord. This plain 
visibility and accessibility of the CNS in isolated Xenopus 
preparations (Figure 19.2) represent unique advantages that 
allow unimpaired, um-precise impalements of specific brain 
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FIGURE 19.2 Selected spectrum of applicable stimulation and recording techniques in isolated Xenopus in vitro preparations. (A-C) 
Visual and vestibular circuits can be activated by large-field visual motion patterns (A), by galvanic vestibular stimulation of inner ear 
endorgans (B), or by natural motion with a 6D stimulator (Hexapod; C). (D-I) Motor behaviors in such preparations can be recorded 
as movements of the eyes (D), the tail (G) or appendages (not illustrated) during swimming; following further isolation of the tissue, 
motor nerve spike discharge can be recorded, representing fictive eye movements (E) or fictive axial- (I) or limb-based swimming; 
neuronal activity of cells and circuits in the central nervous system can be recorded by calcium-imaging (F) or by evaluating the oxygen 
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FIGURE 19.2 (Continued) 
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consumption in specific brain regions in relation to sensory or motor computations (H). Anterior, horizontal, posterior semicircular 
canal; Cup, cupula; EAC, EHC, EPC, electrode stimulating the AC, HC, PC sensory epithelium; Hb, hindbrain; IR, infrared; IVth, IVth 
ventricle; LE, RE, left eye, right eye; La, lagena; LR, lateral rectus; OT, optic tectum; Sa, saccule; SC, spinal cord; Te, telencephalon; 


Ut, utricle; VR, spinal ventral root. 


Source: Panels B, D, H, G, I are adapted from Gensberger et al., 2016; Soupiadou et al., 2020; Ozugur et al., 2020; Lambert et al., 2012, respectively. 


compartments with any type of recording electrode, as well 
as imaging of intracellular calcium gradients in identifiable 
neuronal populations at cellular resolution (e.g. Gensberger 
et al., 2016; Lambert et al., 2018; Ozugur et al., 2020). 
Moreover, the vitality and functionality of isolated amphib- 
ian whole-head preparations represents an unprecedented 
experimental condition, comparable to the circumstances 
of the isolated brain of the fictional character William liv- 
ing in Ringer solution (Dahl, 1960). The integrity of practi- 
cally all sense organs such as eyes or inner ear endorgans 
in these preparations (Lambert et al., 2008; Gravot et al., 
2017) allows application of natural stimuli in an experimen- 
tally reconstructed sensory environment, such as provided 
by virtual reality setups (Figure 19.2A). In addition, simple 
motor behaviors like swim-related tail-oscillations or eye 
movements (Lambert et al., 2020) can be recorded at high 
resolution with spatio-temporal characteristics that match 
those expected from intact animals (Hanzi and Straka, 
2017). The virtually unlimited access to the CNS, the use 
of multi-methodological approaches, and the possibility to 
study animals at all developmental stages make Xenopus a 
unique in vitro animal model (Straka and Simmers, 2012). 
The introduction of isolated frog in vitro preparations 
began during the early period of electrophysiological stud- 
ies. Electrode recordings in the frog cerebellum were among 
the first to benefit from isolated brains (Hackett, 1972). Such 
preparations, however, were only used by relatively few 
scientists over the subsequent decades, mostly for pharma- 
cological studies of synaptic connections (e.g. Cochran et 
al., 1987) or to demonstrate the spatio-temporal specificity 
of defined neuronal circuits (Straka and Dieringer, 1993). 
Beyond functional aspects, neuroanatomical studies ben- 
efited from the use of in vitro preparations, particularly due 
to visually guided application of retro- and anterogradely 
transported neuronal tracers to brain areas that are inacces- 
sible in intact animals (Birinyi et al., 2000; Straka et al., 
2001). Isolated anuran whole-brain or head preparations 
were traditionally used for combined anatomical and physi- 
ological exploration of small ensembles of neurons with rel- 
atively defined synaptic connections (Straka and Dieringer, 
1993). Subsequent use of this approach has since expanded 
into more distributed circuits and entire systems predomi- 
nantly using Xenopus laevis (Lambert et al., 2008, 2020). 
This extension was possible due to several characteristic 
features, which are favorable toward systemic studies under 
sustained in vitro conditions. This includes retention of those 
parts of the tissue that are relevant for a particular question, 
such as the brain and the eyes (Gravot et al., 2017), when 
profiling central circuits that control visuo-motor responses 


(Figure 19.2A,D). Furthermore, targeted surgical manipula- 
tions can be performed with ease at any level of the circuit or 
system, without drawbacks typical for in vivo studies, such 
as bleeding, pulsations induced by respiration, and blood 
circulation or consequences of the anesthesia, which are all 
absent in vitro (Soupiadou et al., 2020). Several neuroscien- 
tific fields have thus benefited considerably from the use of 
in vitro Xenopus preparations, particularly over the past 15 
years, due to the applicability of modern analytical tools. 
Collectively, these applications have yielded in-depth proto- 
cols for generating preparations and applying experimental 
regimes to answer specific questions on, for example, the 
retinotectal circuitry (Pratt, 2021), arguably one of the most 
heavily studied fields in Xenopus neuroscience. Olfactory 
research has also taken advantage of in vitro preparations, 
using the spatial proximity of the olfactory epithelium and 
olfactory bulb to generate slices and explants that effectively 
consist only of the sensory epithelia and the first central 
neuronal processing center. Due to the aquatic lifestyle of 
Xenopus, naturalistic yet highly controlled stimulation of 
the mucosa is achieved by simply flushing odorants into 
the Ringer solution, with the olfactory bulb available for 
any manner of functional imaging or electrophysiological 
recording (Manzini et al., 2002; Offner et al., 2020). 
Another field which utilizes in vitro Xenopus prepara- 
tions aims at deciphering general principles of self-motion 
processing and has succeeded in discovering a wide spec- 
trum of developmental and computational mechanisms 
involved in implementing the respective CNS circuitry. 
Self-motion perception derives from a combination of 
visual, vestibular, and predictive motor signals, which 
converge centrally from independent afferent pathways. 
Dissociation of the relative influences of each modality was 
accomplished with such preparations by natural stimula- 
tion paradigms coupled with measurements of neuronal 
activity (Lambert et al., 2012; von Uckermann et al., 2016). 
Motion-sensitive visual input can be activated either in iso- 
lation (Figure 19.2A) or in tandem with galvanically evoked 
activation of vestibular endorgans in the inner ear (Figure 
19.2B). Activation of the vestibular system can in addition 
be achieved by motion of a multi-axis turntable (Figure 
19.2C) with or without corresponding visual scene motion 
(Lambert et al., 2012; Soupiadou et al., 2020). The tracta- 
bility of sensory stimuli in these paradigms recapitulates in 
vivo-like conditions while simultaneously granting a high 
degree of flexibility to selectively activate desired sensory 
pathways. As in in vivo studies, traditional methods of pro- 
filing neuronal activity range from behavior (Soupiadou et 
al., 2020), to electrophysiological recordings of selected 
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cranial nerves (Lambert et al., 2008), to calcium-imaging of 
identified neurons (Gensberger et al., 2016). In the case of 
neuronal activity during self-motion, appropriate functional 
proxies include motion of the eyes and tail, which report 
on the extent and pattern of sensorimotor transformations 
(Lambert et al., 2020). The kinematics of eye motion can be 
captured non-invasively (Figure 19.2D) in such preparations 
with infrared video-recordings. Extracellular recordings of 
extraocular motor nerves (Figure 19.2E), calcium-imag- 
ing of corresponding neurons (Figure 19.2F), and motion 
recording of tail oscillations (Figure 19.2G) contributed 
toward the understanding of the spatio-temporal process- 
ing of self-motion. A particular advantage of in vitro meth- 
ods in Xenopus is in the ability to acquire neuronal activity 
during fictive behaviors, such as swimming (Figure 19.21). 
Fictive in vitro behaviors, which can be elicited experi- 
mentally at all developmental stages (Combes et al., 2004), 
allow simultaneous recordings of the activity carried by, for 
example, spinal or extraocular motor nerves (Figure 19.2G) 
in the absence of muscle contractions. 

In addition to discoveries of computational features of 
cells and circuits (Gensberger et al., 2016; Dietrich et al., 
2017), in vitro approaches in Xenopus are utilized in stud- 
ies with a focus on translative neurobiological concepts 
with direct relevance for human pathologies (I Gusti Bagus 
et al., 2019; Soupiadou et al., 2020). Such studies often make 
use of targeted manipulations, either in the embryo (Gordy 
et al., 2018) or tadpole (Lambert et al., 2009), and are fol- 
lowed by functional profiling to gauge neuronal response 
mechanisms, which are often the result of conserved plastic- 
ity processes. Embryonic addition of ectopic inner ears, for 
example, challenged the classical understanding of devel- 
opmental processes by incorporating additional sensory 
signals from a novel source and served to identify features 
which drive circuit formation in the brainstem (Gordy et al., 
2018). Such studies have therapeutic consequences for aging 
populations or those with inner ear impairments. Similar 
perturbations of inner ear sensory organs, such as targeted 
lesions of the eighth cranial nerve or the entire ensemble 
Of inner ear endorgans in Xenopus tadpoles, revealed an 
adaptive plasticity with considerable developmental conse- 
quences, which recapitulate features commonly observed in 
patients with vestibular impairments (Branoner et al., 2016; 
Lambert et al., 2009; Soupiadou et al., 2020). More clini- 
cally relevant approaches, such as drug application (1 Gusti 
Bagus et al., 2019), imitated biological principles resulting 
from therapeutic targeting. Furthermore, in vitro Xenopus 
preparations have helped to identify cellular substrates and 
response patterns of neurons following galvanic vestibular 
stimulation, a common diagnostic tool used in the clinic 
(Gensberger et al., 2016). This latter finding is particularly 
relevant given the need to reclassify the outcome of clinical 
tests with respect to the interpretation of underlying vestibu- 
lar pathologies. 

In vitro methodologies in Xenopus laevis offer additional 
benefits beyond insights into functional neurobiology. In 
vivo studies usually require institutional animal protocol 
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approvals for the use of Xenopus older than stage 46, a 
developmental time point at which the intracellular yolk has 
been consumed and self-feeding commences (Nieuwkoop 
and Faber, 1994). In contrast, euthanasia prior to the isola- 
tion of the tissue to obtain an in vitro preparation renders the 
legal requirements and compliance documentation consider- 
ably simpler and usually puts such preparations at the same 
legal level as the generation of mammalian brain slice prep- 
arations. This is useful for researchers opting to study the 
nervous system in older tadpoles and adults. In addition, lon- 
gitudinal studies are approachable when using Xenopus in 
vitro preparations, given the period of days that they remain 
functionally viable in Ringer solution (Lambert et al., 2008). 
Collectively, in vitro approaches employing isolated brain/ 
body Xenopus laevis preparations at any developmental 
stage can be used to study neurobiological questions and 
offer a wide variety of methods which can supplement in 
vivo approaches. This approach is therefore beneficial for 
a considerably larger number of members of the Xenopus 
scientific community. The experimental and administrative 
simplicity renders normally invasive technical approaches 
readily feasible and brings scientific questions that are only 
addressable in developmentally advanced stages into reach 
for meaningful answers. 


19.5. FUTURE DIRECTIONS 


Xenopus as a model system has considerably advanced our 
understanding of biological principles of the nervous sys- 
tem. As technical and theoretical innovations have ushered 
in an era of neurobiological research with declining num- 
bers of model systems, Xenopus continues to advance in 
stride. This is largely due to its suitability for many fields 
of research rather than for a single, specialized application. 
The comprehensive toolkit available in these animals, which 
includes tractable genetic and molecular manipulations as 
well as analytical techniques, allows a sizable depth of 
neuronal assessments. Innovative next steps in neuroscien- 
tific discoveries will continue to capitalize on these exist- 
ing methods, particularly those which influence functional 
characteristics in both developing and mature neuronal cir- 
cuits. These approaches offer valuable insight into defined 
neuronal disease phenotypes, such as those which manifest 
with computational impairments. Such cases often arise as 
the result of congenital miswiring, after CNS injury, or due 
to age-related deteriorations. The latter is highly relevant 
in modern neurobiological practice given the increase in 
age-related impairments in elderly populations. Continued 
manipulations in this manner will advance our current under- 
standing of basic biological principles of the nervous system 
both during states of health and disease. More provocatively, 
the use of Xenopus offers possible exploration into avenues 
which are only just emerging. Neurobiological implications 
of spaceflight, a steadily evolving enterprise, are of particu- 
lar interest due to the influence of microgravity on sensory 
signal processing and the retention of navigational skills. 
Such research could benefit from Xenopus due to the variety 
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of ways to manipulate microgravity while simultaneously 
permitting analytical profiling of all sensorimotor circuits. 
In addition, the ease of neuronal accessibility in Xenopus 
can also be used to explore metabolic processes of neurons, 
shedding light on energetic demands during computational 
tasks. In summary, Xenopus constitutes a well-suited exper- 
imental system for neuroscientific practice and will continue 
to emerge as a source for a constant proliferation of our 
knowledge about the nervous system. 
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The spinal cord is composed of neurons that receive sen- 
sory information and control the motor response (Watson 
et al. 2009). Therefore, spinal cord injury (SCI) generates 
paralysis caudal to the injury site, and internal organs are 
disconnected from central nervous system regulation. Due 
to the limited regenerative capacity of humans and mam- 
mals in general, and the absence of therapies allowing func- 
tional and efficient recovery, this affliction is permanent 
(Organization and Society 2013; Thuret et al. 2006). 

In mammals, the damage produced by a SCI is composed 
of two main phases. The primary injury starts with the ini- 
tial mechanical insult and generates a hemostatic response, 
damage of axons and death of oligodendrocytes, resulting 
in tissue structural changes and functional loss. This is fol- 
lowed by a secondary phase, leading to further damage both 
rostral and caudal to the injury site (Grossman et al. 2001; 
Quadri et al. 2020). This second response is composed of 
three different cellular phases: cell death and inflammation, 
cell proliferation and tissue replacement, and tissue remodel- 
ing (Burda and Sofroniew 2014). In mammals, this response 
protects the spinal cord from further damage (Sabelstróm et 
al. 2013) but blocks proper regeneration. 

In contrast to mammals, non-mammals, including uro- 
dele amphibians (e.g. salamanders) and teleost fish (e.g. 
zebrafish), excel in regenerative capacities, and thus, they 
have been extensively used to study regeneration (Chernoff 
et al. 2003; Zupanc and Sirbulescu 2011; Diaz Quiroz and 
Echeverri 2013; Lee-Liu et al. 2013). Unlike these ani- 
mal models that retain regenerative capacities throughout 
their life spans, Xenopus laevis (X. laevis) tadpoles are 
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Nieuwkoop and Faber (NF) pre-metamorphic developmen- 
tal stages 46-54 (Nieuwkoop and Faber 1994), but this abil- 
ity decreases through the pro-metamorphic phase (NF stage 
54-58) and metamorphosis climax (NF stage 58-66) and is 
almost completely lost after metamorphosis (NF stage 66) 
(Hooker 1925; Beattie et al. 1990). This changing capacity 
to regenerate allows a comparison between regenerative (R-) 
and non-regenerative (NR-) mechanisms in the same spe- 
cies and placed Xenopus in a phylogenetic position between 
mammals and urodeles and fish (Phipps et al. 2020), making 
it an ideal model to study spinal cord regeneration. 

This chapter provides an historical background and past 
observations about spinal cord regeneration in amphibians, 
followed by a description of the current status of knowl- 
edge in this area. A particular focus is given to findings that 
describe the cellular response to injury, the genetic networks 
involved in spinal cord regeneration, and the role of neural 
progenitor stem cells (NSPCs). Finally, a discussion about 
the pitfalls on this area and the future directions in spinal 
cord regeneration research in Xenopus is presented. 


20.2. HISTORICAL BACKGROUND 
AND PAST OBSERVATIONS 


Understanding organ and tissue regeneration has been a 
question driving human curiosity since the beginning of sci- 
entific inquiry. Aristotle, already around 350 BC, in his book 
about the history of animals, commented, “if the tails of ser- 
pents or lizards be cut off, they will be reproduced” (Duncan 
and Sánchez Alvarado 2019). Amphibians, including the 
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order of urodeles and anurans (e.g. Xenopus laevis), have 
been among the favorite models of choice to study regenera- 
tion since the beginnings of experimental biology (Freitas et 
al. 2019). Lorenzo Spallanzani demonstrated that the tail of 
salamanders, including its spinal cord, grows back after tail 
amputation (Spallanzani 1768). A century later, George H. 
Lewes demonstrated that anurans also were able to regener- 
ate the spinal cord (Lewes 1859), followed by the impor- 
tant finding that the regenerative capability decreased with 
tadpole development (Hooker 1925), which was later cor- 
roborated with modern approaches (Sims 1962; Filoni et al. 
1984). 

During the second half of the 20th century, taking advan- 
tage of the progress of microscopic techniques, a more 
detailed description of spinal cord regeneration process was 
attained in salamanders, axolotl, and frogs, mainly Xenopus. 
One set of observations demonstrated that, in contrast to 
mammals, axonal outgrowth is an important component of 
spinal cord reconstitution. Axonal growth from severed neu- 
rons rostral and caudal to the injury site was demonstrated 
in salamanders (Piatt 1955), although it can take as long as 
23 months to recover the number of axons observed in the 
uninjured animals (Clarke et al. 1988; Davis et al. 1989). 
Similarly, in X. laevis tadpoles, axons growing through the 
injury site was demonstrated (Sims 1962; Filoni et al. 1984). 
Studies in Rana catesbiana and X. laevis tadpoles showed 
descending axonal projections that regenerate and cross the 
injury site, but regeneration of ascending (sensory) axons 
was not observed at any stage (Forehand and Farel 1982; 
Beattie et al. 1990). The absence of regeneration of ascend- 
ing axons was also reported in newts (Zukor et al. 2011). 
In line with the absence of functional recovery, the axonal 
regenerative capacity in X. laevis was no longer observed in 
animals transected after tail resorption (Beattie et al. 1990). 

A second group of responses triggered by SCI, revealed 
by descriptive studies in salamanders, is the activation of 
ependymoglial cell proliferation. Ependymoglial cells are 
probably the equivalent to mammalian radial glial cells and 
neural stem cells (NSCs) and are found lining the central 
canal of the spinal cord of salamanders (Freitas et al. 2019). 
These proliferative ependymoglial cells (Stefanelli 1951) 
lead to neurogenesis, which seems to be a necessary process 
for the reconstruction of the nervous tissue (Butler and Ward 
1965; Benraiss et al. 1999). In addition, the basal processes 
of these cells build an ependymoglial tube or bridge in the 
injury site, providing a pathway and permissive substrate for 
axonal regeneration (Egar and Singer 1972). Similarly, after 
spinal cord transection in X. laevis, axons grow through the 
ablation gap in association with a bridge of ependymal pro- 
cesses (Michel and Reier 1979; Filoni et al. 1984). These 
observations show that the environment is permissive for 
axon growth, probably due to the absence of a glial scar, in 
salamanders and in X. laevis R-stages. 

The advances from the last century established a very 
detailed description of the response to SCI in urodeles and 
anurans but failed to provide a mechanistic explanation of 
the process. In summary, they described the presence of 
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active axon regeneration, proliferation of putative NSPCs 
that give rise to new neurons, and presence of a regener- 
ative-permissive environment, a response that is lost with 
metamorphosis in the case of X. laevis. 


20.3. PRESENT STATUS OF THE FIELD 


20.3.1. X. Laevis: A MODEL ORGANISM TO 


STUDY SPINAL CORD REGENERATION 


As indicated previously, one of the great advantages of 
X. laevis as a model organism to study spinal cord regen- 
eration is the possibility to perform experiments in R- and 
NR-stages. This comparison allows the identification of the 
cellular, molecular, and genetic mechanisms involved in 
regeneration and those that are responsible for the loss of 
the regenerative capacities (Gaete et al. 2012; Lee-Liu et al. 
2014; Muñoz et al. 2015; Lee-Liu et al. 2018). In addition, 
the NR-stages provide an experimental paradigm to test new 
therapies such as genetic manipulation and pharmacologi- 
cal treatments that could enhance the regenerative capacities 
(Phipps et al. 2020). 

Many methodological developments make X. laevis an 
amenable system to perform functional studies (Harland and 
Grainger 2011), including the generation of transgenic lines 
(Amaya and Kroll 1999); mutagenesis using CRISPR and 
TALEN systems (Nakajima and Yaoita 2015; Nakayama et 
al. 2020); injection and electroporation of DNA, mRNA, or 
morpholinos (Blum et al. 2015; Gomez et al. 2003; Bestman 
et al. 2006; Eide et al. 2000); and intracoelomic injection 
of drugs (Edwards-Faret et al. 2017). Additionally, stan- 
dardized protocols for optimized husbandry have been 
established, allowing the acquisition of a large number of 
regenerative tadpoles in three weeks and non-regenerative 
froglets in two months, making them easily accessible for 
the isolation of material and to have enough animals for sta- 
tistically robust experimental procedures (Edwards-Faret et 
al. 2017). 

The study of spinal cord regeneration in frogs can be 
approached using two main types of injury methods: tail 
amputation and spinal cord transection or resection. Tail 
amputation removes the entire tail, including tissues such 
as muscle, notochord, and spinal cord, followed by their 
regeneration (Beck et al. 2003). The finding that there is a 
refractory period (NF stage 46-48) during which tail regen- 
eration does not occur, and instead it only heals, has been 
very useful to understand tail, including spinal cord, regen- 
eration (Slack et al. 2008). Using this injury method, it has 
been demonstrated that cellular dedifferentiation does not 
occur; instead, the spinal cord and notochord are regener- 
ated from their corresponding pre-existing tissue in the tail 
stump, indicating that cell-lineage restriction is maintained 
during this process (Gargioli and Slack 2004). Similarly, the 
regenerated muscle originates from skeletal muscle satel- 
lite cells (Gargioli and Slack 2004), and melanophores arise 
from melanophore precursors present in the tail (Lin et al. 
2007). In addition, tail amputation has been a fertile ground 
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to identify the signals and genetic mechanisms involved 
in tissue regeneration. BMP, FGF, Wnt, and Notch signal- 
ing play an important role in tail regeneration (Beck et al. 
2003). Furthermore, the Amaya lab has reported a key role 
for reactive oxygen species (ROSs) in the initiation of the 
regenerative response that seems to be evolutionarily con- 
served among many species (Love et al. 2011; Love et al. 
2013; Phipps et al. 2020). 

Although fruitful to understand the basic and general 
mechanism of tissue regeneration, the tail amputation 
paradigm presents caveats for SCI studies. On one hand, 
it involves regeneration of multiple tissues, not just of the 
spinal cord, and on the other hand, it is different from the 
situation that occurs in humans who suffer SCI. For these 
reasons, the second model of injury, spinal cord transec- 
tion and resection, seems more relevant for the study of SCI 
(Filoni et al. 1984; Lee-Liu et al. 2013). Spinal cord transec- 
tion consists of a transverse cut that completely severs the 
spinal cord at the thoracic level, and spinal cord resection 
consists of two transverse cuts followed by the removal of 
the spinal cord segment, leaving a gap between the rostral 
and caudal stumps (Edwards-Faret et al. 2017; Slater and 
Larrain 2021). Of note, these injury paradigms are surgi- 
cally very simple, can be performed in R- and NR-stages, 
and are very reproducible across animals. Although these 
experimental approaches are still not identical to SCI in 
humans, they resemble the models of injury used in rodents, 
one of the favorite models to study SCI, allowing the com- 
parative investigation of the mechanisms involved in this 
process in X. /aevis and other model organisms. 

Furthermore, sensory and motor functional recovery 
can be evaluated using simple behavioral tests. For this, 
tadpole swimming behavior can be classified qualitatively 
into paraplegia, partial locomotor recovery, and coordinated 
swimming phenotypes (Gaete et al. 2012). Additionally, the 
free swimming distance can be quantified using a semi- 
automatized video-tracking system (Edwards-Faret et al. 
2017; Muñoz et al. 2015). More recently, a new method was 
developed using kinematic technology to allow the detection 
of slight improvements in NR-stage swimming recovery that 
could be helpful to identify compounds that improve spinal 
cord regeneration (De Vidts et al. 2019). This method con- 
sists of determining kinematic features during swimming, 
including synchronization and symmetry between the right 
and left hindlimb and the right and left foot range movement. 


20.3.2. CELLULAR RESPONSE TO SPINAL CORD INJURY 


1. Histological differences in R- and NR-stage spi- 
nal cord: R-stage animals have a spinal cord of 
400-600 um diameter, with a cell rich ventricu- 
lar layer lacking a complex stratification. In con- 
trast, NR-stage animals have a spinal cord with a 
diameter of 800-1600 um, with a more complex 
stratification and cellular organization in the ven- 
tricular zone (Edwards-Faret et al. 2018; Muñoz 
et al. 2015). The cells lining the central canal are 
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heterogeneous, encompassing five different cells 
types, with fundamental differences between 
R- and NR-stages (Edwards-Faret et al. 2018). 
R-stage cells are uniciliated, exhibit a radial mor- 
phology and elongated nuclei with lax chromatin, 
and thus resemble mammalian radial glial cells. 
Nevertheless, in NR-stages, the most abundant 
cells are multiciliated and reveal extensive changes 
in the maturation and differentiation state, includ- 
ing round-oval shaped nucleus, with deep invagi- 
nations and clumped chromatin (Edwards-Faret et 
al. 2018). R-stages contain a significant number of 
proliferative cells, whereas NR-stages have a lower 
proportion of these cells (Edwards-Faret et al. 
2018; Thuret et al. 2015), which correlates with the 
more differentiated profile of their cells. 


. Early cellular response: In R-stage animals, a rapid 


sealing of the injured stumps is observed at 2 days 
post-transection (dpt). The cells that accomplish 
sealing resemble the ones lining the central canal 
but with a few new features such as a fusiform shape, 
lack of cilia, and lack of cell junctions between 
them, suggesting they are migratory. Additionally, 
macrophage infiltration in the ablated gap leads to 
an early immune response by phagocytosing cell 
debris (Figure 20.1, Table 20.1) (Edwards-Faret et 
al. 2021). In contrast, in NR-stages, the cells lin- 
ing the central canal appear necrotic and therefore 
are not able to seal the ablated stumps, leading to a 
disorganized central canal. There is also an abun- 
dant infiltration of red blood cells (RBCs) that fill 
the ablated gap (Figure 20.1, Table 20.1) (Edwards- 
Faret et al. 2021). 


. Intermediate cellular response: In R-stages, at 


6 dpt, Sox2/3 expressing cells self-organize into 
rosettes or neural tube-like structures in the abla- 
tion gap (Figure 20.1), and cells lining the central 
canal differentiate into neurons, which extend their 
axons into the ablation gap (Edwards-Faret et al. 
2018; Muñoz et al. 2015). Abundant unmyelinated 
bundles of axons populate the lumen of the central 
canal caudal to the gap at 10 dpt (Figure 20.1, Table 
20.1) and are in close contact with neuronal somas, 
postsynaptic densities, and synaptic vesicles, sug- 
gesting that active synaptic processes occurred in 
the lumen of the caudal central canal (Edwards- 
Faret et al. 2021). Importantly, a transient increase 
of Fibronectin and Collagen is detected, probably 
serving as supportive extracellular matrix (ECM) 
for the advancing axons to cross through the abla- 
tion gap. In contrast, in the NR-stage, massive dis- 
organization of the central canal persists at 6 dpt, 
with extracellular spaces and vacuolated cells lin- 
ing the central canal. Glial processes are observed 
surrounding the borders of both stumps, and RBC 
are accompanied by a massive macrophage infil- 
tration in the injury site. Moreover, abundant ECM 
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FIGURE 20.1 Comparative cellular response to SCI in R-stage and NR-stage. Drawing representing the diversity of the cellular responses 


between R-stage (left; NF stage 50) and NR-stage (right; NF-stage 66) at different time points after SCI. 1 dpt: R-stage shows initial NSPC 
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FIGURE 20.1 (Continued) 
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proliferation and restricted macrophage infiltration; NR-stage shows limited macrophage infiltration. At 2dpt, the R-stage animals show 
abundant NSPC proliferation and the peak of macrophage invasion, and NR-stage shows disorganized and necrotic cells lining the central 
canal and abundant infiltration by red blood cells (RBCs). At 6 dpt, the R-stage animals have NSPC rosettes, NSPC differentiation into 
neurons, and neurons elongating axons through the ablation gap, and NR-stage have abundant RBC and macrophage infiltration into the 
ablation gap. At /0 dpt, the R-stage animals still have NSPC rosettes and now also axons crossing the ablation gap, and the NR-stage showed 
glial processes surrounding the stumps and macrophages at the ablation gap. Finally, at 20 dpt, the R-stage exhibits an almost complete 
regenerated spinal cord, and, on the contrary, the NR-stage shows the presence of a glial scar and accumulation of ECM and glial processes. 


TABLE 20.1 
Cellular Response to Spinal Cord Injury in R- and 
NR-Stages. 


Cellular R-Stages NR-Stages 
Response to SCI 
Morphology of | Almost healthy and Damaged cells. Rupture of 


cells lining the normal cell membrane and 


central canal organelle loss (2-6 dpt) 


Cell death Massive. Necrotic cells 


(2-6 dpt) 


Reduced and controlled 
(1dpt) 


Stump closure Early (2 dpt) 


By cells lining the central 


Late (20 dpt) 
By cells lining the central 


canal canal 
Immune Rapid infiltration, debris Slow infiltration, prolonged 
response clearance by macrophages red blood cell clearance by 
(2 dpt) macrophages (6-10 dpt) 
Proliferation Early (2 dpt) by NSPCs Late (6-10 dpt), mainly 
other cells 
Cells in the NSPCs forming neural Red blood/immune cells (6 


ablation gap tube-like structures dpt) 
(rosettes) (6-10 dpt) Fibroblast-like cells (20 dpt) 


ECM deposition (10-20 dpt) 


Neurogenesis Differentiation of NSPCs Not clearly defined 
into neurons and astrocytes 

Axon Axon tips in ablation gap Not achieved 

regeneration (6 dpt) 


Bundle of axons crossing 
the ablation gap (10 dpt) 


Not achieved 
Border of stumps 


Continuity of Achieved (20 dpt) 
ependymal canal 
surrounded by glial 


processes (10-20 dpt) 


Source: Muñoz et al. 2015; Edwards-Faret et al. 2018, 2021 


dpt: days post transection, NSPCs: neural stem and progenitor cells; ECM: 
extracellular matrix. 


such as Fibronectin and Collagen fill the injury site 
(Table 20.1) (Edwards-Faret et al. 2021). 

4. Late cellular response: In the R-stage at 20 dpt, 
cells lining the central canal complete the recon- 
struction of the pseudo-stratified epithelium, 
the central canal is continuous across the injury 
site, and axons cross it (Figure 20.1; Table 20.1) 
(Edwards-Faret et al. 2021), correlating with the 
recovery of swimming capabilities (Mufioz et al. 


2015). On the other hand, in the NR-stage, although 
the cells lining the central canal have recovered a 
pseudo-stratified epithelial structure and the cen- 
tral canal of both stumps is finally sealed, a glial- 
scar like structure remains in the ablation gap, and 
no reconnection between the stumps is observed. 
This glial-scar like structure is characterized by 
both stumps being surrounded by glial processes 
and the injury gap being filled by fibroblast-like 
cells and a dense ECM containing Collagen and 
Chondroitin Sulfate Proteoglycans (Edwards- 
Faret et al. 2021). The lack of axonal connections 
between both stumps persists after 40 days, lead- 
ing to the complete lack of swimming capacities in 
NR-stage (Edwards-Faret et al. 2021; Muñoz et al. 
2015). 


20.3.3. THE ROLE OF NEURAL STEM AND 
PROGENITOR CELLS AND NEUROGENESIS 


The cells lining the central canal of the spinal cord have 
a fundamental role during spinal cord regeneration. sox2, 
which is a marker of stem cells and also neural stem cells 
(Ellis et al. 2004; Pevny and Nicolis 2010), is expressed in 
cells lining the central canal during R-stages, and a progres- 
sive decrease in the number of Sox2-expressing cells takes 
place during metamorphosis (Gaete et al. 2012; Muñoz et 
al. 2015). Sox2 protein and mRNA expression are upregu- 
lated after tail amputation, concomitant with a proliferative 
response of Sox2-expressing cells (Gaete et al. 2012), which 
is also observed in R-stages after spinal cord transection 
(Muñoz et al. 2015). In vivo time-lapse imaging has shown, 
for the first time, their capacity to generate new neurons 
in response to injury (Figure 20.1; Table 20.1), which cor- 
relates with an increase in neurogenic markers (Muñoz et 
al. 2015). Consistent with this, Sox2 functional knockdown 
using morpholino oligonucleotides or overexpressing a 
dominant negative form of Sox2 results in spinal cord regen- 
eration impairment (Muñoz et al. 2015) and in defective tail 
regeneration (Gaete et al. 2012). The neural stem progenitor 
cell identity of some sox2-expressing cells lining the central 
canal was recently corroborated (Edwards-Faret et al. 2021). 
Taking advantage of a reporter transgenic line (Xla.Tg(Dre. 
gfap::EGFP)"™"*), which expresses EGFP in spinal cord cells 
with radial glial cell morphology (Edwards-Faret et al. 2018, 
2021), it was possible to perform a transcriptomic (RNA- 
seq) analysis of these cells in isolation and show the enrich- 
ment of transcripts mainly related to neural precursor cell 
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identities and stem cell proliferation genes (Edwards-Faret 
et al. 2021). Even more exciting, the dependency of proper 
spinal cord regeneration on the presence of NSPCs was dem- 
onstrated by ablation of NSPCs in R-stages using the nitro- 
reductase/metronidazole system in the transgenic line (Xla. 
Te(Dre.gfap::mCherry-Nitroreductase)**""2, which led to the 
loss of functional recovery, determined by the decrease in 
swimming capacity (Edwards-Faret et al. 2021). 

In contrast, NR-stages have reduced levels of Sox2 
and a delayed and poor proliferative response of Sox2/3* 
cells, concomitant with no increase in neurogenic markers 
(Muñoz et al. 2015). Interestingly, transplantation of R-stage 
Sox2/3+ cells into the NR-stage injury site provided fur- 
ther evidence that Sox2/3* cells are NSPCs (Méndez-Olivos 
et al. 2017). Transplanted cells were able to self-organize, 
proliferate, and differentiate into neurons in the host NR- 
environment, with axons growing in the grafted tissue and 
into the host spinal cord. Surprisingly, regeneration of axons 
coming from the host was also observed, suggesting that 
transplanted cells are able to provide a permissive environ- 
ment for axon outgrowth (Méndez-Olivos et al. 2017). It 
remains to be elucidated which intrinsic and extrinsic fac- 
tors are provided by the donor cells that are responsible for 
this regeneration in NR-stages. 


20.3.4. AXON REGENERATION 


For successful spinal cord regeneration and functional 
recovery, nerve regeneration and reconstitution of lost con- 
nections is necessary. As early as the beginning of the 1960s, 
X. laevis axons traversing the injury gap were seen, but their 
origin was not possible to identify (Sims 1962). In the mid- 
1980s, it was determined that some of the growing axons 
were from serotonergic neurons (Beattie et al. 1990), whose 
projections are formed early during X. laevis development 
(Van Mier et al. 1986), indicating the axons were regenerat- 
ing. Later, it was demonstrated that metamorphosis is pre- 
ceded by a new wave of neurogenesis and the generation of 
new neuronal connections to allow for locomotor changes 
(Kollros 1981; Sillar et al. 2008), showing the possibility 
that these neurons could compensate for the interrupted spi- 
nal cord tracts following SCI. 

It was not until 2006 that Gibbs and Szaro were able to 
demonstrate that axonal regeneration occurs and that the 
axons originate in the hindbrain, mainly in the reticular 
and raphe nuclei (Gibbs and Szaro 2006). Additionally, they 
showed that axon regeneration capacity depends on meta- 
morphosis progression; inhibiting metamorphosis allows 
animals to regenerate axons and reestablish swimming, 
while induction of metamorphosis prematurely in R-stage 
animals by thyroid hormone 3,3',5'-Triiodo-L-thyronine 
(T3) treatment results in impaired axon regeneration and 
promotes a differential transcriptional response in the 
hindbrain compared to untreated animals. Therefore, 
intrinsic transcriptional changes in the neuron soma 
accompany axon R- and NR-responses in the spinal cord 
(Gibbs et al. 2011). The loss of regenerative capacity after 
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metamorphosis correlates with the progressive changes in 
the cells lining the central canal of the spinal cord (Edwards- 
Faret et al. 2018), concomitant with the increase in thyroid 
hormone (TH) levels (Brown and Cai 2007) and the down- 
regulation of sox2 (Gaete et al. 2012; Mufioz et al. 2015) 
and lin28, which is an heterochronic gene that controls 
developmental timing (Faunes et al. 2017). Interestingly, 
overexpression of Jin28 regulates X. laevis metamorpho- 
sis by disturbing TH function, resulting in improved digit 
regeneration (Faunes et al. 2017). These observations 
add to the interest of studying genetic interactions during 
metamorphosis. 


20.3.5. IDENTIFICATION OF BIOLOGICAL PROCESSES 


INVOLVED IN SPINAL CORD REGENERATION 
AND COMPARISON TO OTHER MODELS 


The different regenerative abilities of X. laevis prior to 
and during metamorphosis, and its genome availability 
(Session et al. 2016), have made it possible to perform high- 
throughput experiments using RNA-seq at 1, 2, and 6 dpt, 
and Proteomics at | dpt, to compare the response to SCI 
in R- versus NR-stages (Lee-Liu et al. 2014, 2018). Even 
though both stages display a massive transcriptomic change 
response, they differ in terms of timing and levels of gene 
expression. R-stages show a rapid response, with most of 
the transcript changes observed at | dpt, whereas NR-stages 
present a later response, with most of the changes observed 
at 6 dpt (Table 20.2) (Lee-Liu et al. 2014). 

Gene ontology enrichment analysis shows that most of 
the genes that change their expression levels in response to 
injury, which are mostly differentially regulated between 
R- and NR-stages, participate in biological processes such 
as metabolism, response to stress, cell cycle, development, 
immune response and inflammation, neurogenesis, and axo- 
nal regeneration (Table 20.2). These biological processes 
are related to the SCI secondary injury cellular phases 
mentioned previously, cell death and inflammation, cell 
proliferation and tissue replacement, and tissue remodel- 
ing (Burda and Sofroniew 2014). Therefore, the different 
transcriptional responses of R- and NR-stages could lead 
to dissimilar cellular responses and be responsible for the 
regenerative capacity at the R-stages and its loss at the 
NR-stage. Even though the contribution of transcript and 
protein-level changes has been only partially tested in 
X. laevis during SCI, their comparison with other animal 
models or paradigms is important for guiding future direc- 
tions in the understanding of R- and NR-stage cell response 
after SCI. Here we interpret these findings in the context 
of what is known about spinal cord regeneration in other 
experimental paradigms. 


1. Cell death: In X. laevis tail amputation experi- 
ments, an early and controlled process of cellular 
apoptosis takes place. Apoptosis is required during 
the first 24 h, as its inhibition during the first day 
abolishes tail regeneration, whereas later inhibition 
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has no effect (Tseng et al. 2007). Even more inter- 
esting, tail amputation during the refractory period 
results in broader apoptosis, which could be 
related to the absence of regeneration (Tseng et al. 
2007). Concordantly, in the transection paradigm, 
R-stages showed downregulation of cell death 
transcripts (Lee-Liu et al. 2014) and upregulation 
of proteins that negatively regulate programmed 
cell death (Lee-Liu et al. 2018) at 1 dpt, whereas 
NR-stages show no down-regulation of cell death 
at any analyzed time point (Table 20.2). 


2. Immune cell response and inflammation: The 


immune response in the central nervous system has 
a dual effect, defined by the different microglia/ 
macrophage phenotypes: the M1 or pro-inflammatory 
and the M2 or anti-inflammatory (Jha et al. 2016). 
The pro-inflammatory response is needed to clear 
cellular debris and facilitate repair, but the release 
of pro-inflammatory cues also could exacerbate cel- 
lular and extracellular matrix damage and increase 
immune cell infiltration. On the other hand, an anti- 
inflammatory response is needed for inflammatory 
resolution, tissue remodeling, and repair (Hamilton 
et al. 1999). In regenerative model animals, this 
dual immune response is observed during regen- 
eration. Zebrafish respond to SCI with an initial 
M1 phenotype, which is necessary for induction of 
axon regeneration, as inhibition of TNF-a impairs 
axon re-growth. This is followed by a M2 polariza- 
tion within 1 dpt, which is necessary for reducing 
pro-inflammatory cytokines, as excessive IL-1f 
also impairs axon re-growth (Tsarouchas et al. 
2018). Mice show a completely different response. 
Initially, the genes involved in M1 and M2 polar- 
ization are activated. This activation is predominant 
for the M1-related genes, leading to M1 polarization 
lasting for at least 1 month, which results in chronic 
inflammation (Kigerl et al. 2009). In agreement 
with these results, both transcriptomic (Lee-Liu et 
al. 2014) and proteomic (Lee-Liu et al. 2018) analy- 
ses in X. laevis show that NR-stages present a posi- 
tive regulation of immune response related genes 
and proteins, while in R-stages, a negative regula- 
tion is mainly observed (Table 20.2). 


3. Neurogenesis: After SCI, extensive cell death and 


tissue damage occur, and cellular proliferation and 
differentiation capacities correlate with the abil- 
ity of certain animals, like urodele and anuran 
amphibians and teleost fish, to regenerate their 
spinal cord (Ferretti et al. 2003; Diaz Quiroz and 
Echeverri 2013). R-stage animals respond to SCI 
with an early up-regulation of transcripts related to 
cell cycle (1-2 dpt) and cell division (2 dpt), whereas 
NR-stage animals present a late up-regulation of 
transcripts related to cell cycle (6 dpt) (Table 20.2) 
(Lee-Liu et al. 2014). Following cell proliferation, 
cell fate commitment is a decisive aspect for spinal 
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cord regeneration. Regenerative animal models are 
able to generate new neurons after SCI (Benraiss 
et al. 1999; Ghosh and Hui 2016; Muñoz et al. 
2015), whereas mammals generate only new astro- 
cytes and oligodendrocytes (Barnabé-Heider et al. 
2010; Meletis et al. 2008). Transcript and protein 
analyses in X. laevis have shown that this differ- 
ent capacity is in part intrinsically regulated within 
the cells. R-stage animals show an up-regulation 
of neurogenesis-related transcripts (Lee-Liu et al. 
2014; Muñoz et al. 2015) and proteins (Muñoz et al. 
2015), while they are absent or down-regulated in 
NR-stage animals (Lee-Liu et al. 2014; Muñoz et al. 
2015) (Table 20.2). 


4. Axon regeneration: Regenerative animal models, like 


zebrafish, regenerate axons and recover lost connec- 
tions after SCI (Ghosh and Hui 2018), while mam- 
mals present a very limited capacity (Kerschensteiner 
et al. 2005). In the same way, in R-stage animals, it is 
possible to see axon bundles crossing the injury gap, 
which are absent in the NR-stage animals (Figure 
20.1) (Edwards-Faret et al. 2021; Muñoz et al. 2015). 
These axons may be derived from new neurons 
(Muñoz et al. 2015), regenerating axons (Gibbs and 
Szaro 2006), or both. Consistent with these observa- 
tions, transcripts related to axon growth, including 
growth cone and axonal guidance, are differentially 
regulated in R- versus NR-stages, being down-regu- 
lated only in NR-stages (Table 20.2) (Lee-Liu et al. 
2014). 


5. Metabolic regulation: More than 50% of regu- 


lated transcripts in R-stage animals are metabolic 
related, being highly predominant in both up- and 
down-regulated genes starting at 1 dpt and continu- 
ing until 6 dpt, while NR-stage animals present a 
later regulation of metabolic related transcripts, 
observed only at 6 dpt (Table 20.2). The preponder- 
ance of metabolic genes changing their expression 
during the early phases of the regenerative response 
can be explained by many reasons. Among others, 
we propose the following: 


1. The regulation of microglia/macrophage acti- 
vation and M1 to M2 polarization by cellular 
metabolic changes has been extensively studied 
in murine cell lines. Under normal conditions, 
immune cells are quiescent, and when they are 
exposed to a pro-inflammatory environment, 
a metabolic switch from an oxidative to a gly- 
colytic metabolism occurs, resulting in their 
activation and polarization to a M1 phenotype, 
while a new metabolic change favoring oxida- 
tive phosphorylation directs towards an M2 phe- 
notype (Afridi et al. 2020; Jha et al. 2016). 

11. Cellular proliferation is an energy demanding 
process, which needs the production of the cel- 
lular building blocks like lipids, proteins, and 
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nucleic acids. Rapidly dividing cells, like the 
ones present in tumors and embryonic tissue, 
present metabolic changes favoring aerobic gly- 
colysis, and the carbons provided by glycolysis 
enter the pentose phosphate pathway for mac- 
romolecular biosynthesis (Vander Heiden et 
al. 2009; Krisher and Prather 2012; Love et al. 
2014). 

iii. NSPC maintenance and differentiation are regu- 
lated by metabolism. A glycolytic metabolism 
is necessary for in vitro stem cell maintenance 
and self-renewal, whereas an oxidative metabo- 
lism is associated with differentiation (Rafalski 
et al. 2012; Khacho et al. 2019). Additionally, 
the expression profile and epigenetic state of the 
stem cells regulate stemness and differentiation, 
and many mitochondrial metabolic intermedi- 
ates are used as co-factors by many histone- 
modifying proteins (Khacho et al. 2019; Zhang 
et al. 2018). 

iv.Axon growth and the generation of collateral 
projections to re-establish lost connections are 
also energy-demanding processes (Bradke et al. 
2012). Enhancing energetic metabolism by 
administration of creatine, which is processed 
by creatine kinase for ATP generation, as well 
as enhancing axonal mitochondrial transport, 
enhance axonal regeneration after SCI in a 
murine model (Han et al. 2020). 


6. Tissue remodeling: The lesion site in mammals is 
characterized by the presence of a glial scar formed 
by a non-neural lesion core containing fibroblasts, 
pericytes, and ECM components, among others, 
surrounded by astrocytes that function to contain 
the damage in order to prevent its spread onto adja- 
cent viable neural tissue (O’Shea et al. 2017). In X. 
laevis, R-stage animals present continuity of the 
central canal and axon tracts at 20 dpt. In contrast, 
NR-stage animals are not able to reconstitute the 
spinal cord, and the ablation gap is filled with fibro- 
blast-like cells and ECM components (Figure 20.1; 
Table 20.1) (Edwards-Faret et al. 2021; Mufioz et al. 
2015). In agreement with these observations, tran- 
scriptomic analyses showed that ECM-related tran- 
scripts are up-regulated only in NR-stage animals 
at 6 dpt, supporting that NR-stage, but not R-stage, 
develop a glial scar (Table 20.2) (Edwards-Faret et 
al. 2021; Lee-Liu et al. 2014). 


20.4. FUTURE DIRECTIONS AND 


IMPORTANT QUESTIONS 


This chapter presented an overview of the different cellular 
and genetic responses associated with SCI and regeneration, 
in addition to evidence about how proper regulation of them 
may explain the difference between R- and NR-capacities. 


Xenopus 


TABLE 20.2 

Biological Process Regulated at the Transcriptomic 
and/or Proteomic Level in R- and NR-Stages after 
Spinal Cord Injury. 


Biological Process R-Stages NR-Stages 


Cell death Early down-regulation (1 


dpt) 


Early up-regulation (1 
dpt) 


Blood coagulation Mild early up-regulation 


(1 dpt) 


Early up-regulation (1, 2 dpt) Late up-regulation (6 dpt) 


Robust early 
up-regulation (1 dpt) 


Cell cycle 


Development Early down-regulation (1, 


2 dpt) 


Late down-regulation (6 
dpt) 


Response to stress Early and transient Sustained up-regulation 


up-regulation (1, 2 dpt) (1, 2, 6 dpt) 


Metabolism Sustained up-regulation Late up-regulation (6 dpt) 
(1, 2, 6 dpt) 

Immune response Mainly down-regulation Mainly up-regulation (1, 

Inflammation (1, 2 dpt) 2 dpt) 

Neurogenesis Early up-regulation (1, 2 Late up-regulation (6 dpt) 


dpt) 


Axonal growth cone No change Late down-regulation (6 


(axonal dpt) 
regeneration) 
Glial scar No change Late up-regulation (6 dpt) 


Source: Lee-Liu et al. 2014; Mufioz et al. 2015; Lee-Liu et al. 2018; 
Edwards-Faret et al. 2021 


dpt: days post transection 


Even though progress has been made in understanding the 
cellular and molecular mechanisms underlying these cellu- 
lar responses, there is still much to elucidate. 

The questions for future directions that now arise are 
about the signaling pathways that are activated or repressed 
in a differential manner between R- and NR-stages, allow- 
ing protection against further cell death in the R-stage and 
induction of cellular proliferation. Some studies in other 
model organisms have spotlighted the anti-apoptotic Bcl 
family, which has been demonstrated to play a role in pla- 
narian regeneration (Pellettieri et al. 2010). Additionally, the 
Wnt signaling pathway in planaria (Chera et al. 2009), and 
the JNK and Wingless signaling pathways in Drosophila 
(Ryoo et al. 2004), are activated during cell death after 
injury, subsequently leading to proliferation and regenera- 
tion. It will be important to corroborate if these responses are 
conserved across organisms and identify how they are regu- 
lated. As cell death and proliferation transcripts are already 
regulated at | dpt in R-stage animals, a starting point would 
be the study of the transcript and protein responses prior to 
24 hours after SCI. 

Another important aspect to study is the differentiation 
of the proliferative NSPCs into postmitotic neurons. As 
mentioned previously, regenerative organisms generate new 
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neurons, while mammals do not. Interestingly, the mamma- 
lian cells lining the central canal are able to generate new 
neurons in vitro (Barnabé-Heider et al. 2010; Meletis et al. 
2008) and when transplanted to a neurogenic-permissive 
environment (Shihabuddin et al. 2000). These observations 
raise the question about the signals that trigger and the sig- 
naling cascades that should be activated to induce, and in the 
future direct, differentiation towards neurons. In addition, it 
will be important to determine if it is possible to improve 
regeneration in NR-stage by activating NSPC proliferation 
and forcing their differentiation to neurons. 

Additionally, as mentioned previously, the cell bod- 
ies of the damaged axons that are located in the hindbrain 
present a differential transcriptional response in R- versus 
NR-stages. It is very important to determine the role of these 
transcripts to understand the molecular and cellular mecha- 
nisms underlying the intrinsic regenerative capacity of these 
neurons and to determine if modifications in the expression 
levels of these genes is necessary and sufficient for induction 
of axon regeneration at NR-stages. 

Finally, if we consider all the aforementioned evidence 
about metabolic regulation of the cellular phases involved 
in SCI response, some open questions remain: Which 
metabolic regulation, in which cell type, and at what time 
after SCI are needed for regeneration? And, is it possible 
to improve regeneration in NR-stage animals by mimicking 
R-stage metabolic responses? 

As X. laevis presents R- and NR-stages during its 
development, it is an outstanding model animal to answer 
all these questions and to evaluate new potential thera- 
pies that would help deepen the understanding of the 
mechanisms involved in a successful regenerative pro- 
cess and how to improve regeneration in non-regenerative 
organisms. 
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21.1. HISTORICAL BACKGROUND Pattengale and Leder, 1984). Cancer modeling in Xenopus 
is a more recent development, especially aided with the 
21.1.1. XENOPUS, FROM RESEARCH TOOL IN CELL AND 


DEVELOPMENTAL BIOLOGY TO GENETICALLY 
ENGINEERED CANCER MODEL ORGANISM 


The first reported experimental animal cancer model was 
published at the beginning of the previous century by 
Yamagiwa and Ichikawa, in which the authors treated rabbit 
ears with coal tar, yielding the first animal model for squa- 
mous cell carcinoma (1918). Since then, cancer modeling 
using laboratory animals evolved as a tremendously broad 
field accompanied by an ever-evolving assortment of tools 
and techniques that have aided the establishment and moni- 
toring of these models. In 1988, the first transgenic mouse 
cancer model was patented, called “Oncomouse” by a group 
of Harvard researchers, based on their paper in which they 
generated mice expressing oncogenic fusion genes, result- 
ing in the induction of mammary adenocarcinomas (Stewart, 
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invention of genome engineering techniques such as zinc 
finger nucleases (ZFNs), transcription activator-like effec- 
tor nucleases (TALENSs), and in particular CRISPR/Cas9 
(Guo et al., 2014; Nakayama et al., 2014). As already exten- 
sively described in other chapters, Xenopus earned signifi- 
cant credit for its valuable contributions to the exploration of 
early developmental processes and the molecular dissection 
of developmental signaling pathways that, in the majority 
of cases, appear to be highly conserved between frog and 
human. However, for studying human genetic diseases, mice 
and zebrafish tend to be preferred by researchers as genetic 
vertebrate models. This is evidently because of the size of the 
research field, the many genetically mutant lines, transgenic 
reporter animals, standardized experimental protocols, and 
(for the mouse) a wide range of verified antibodies, as well as 
well-established genomic data integration networks for these 
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species (Sprague et al., 2008; Noy et al., 2009). Nevertheless, 
over the last decades, Xenopus has received increasing inter- 
est and recognition for its valuable use as a model for human 
disease (reviewed by Blum & Ott, 2018), especially strength- 
ened by its unique features (further described subsequently). 
Very recently, Xenopus (in particular the true diploid X. trop- 
icalis) entered the cancer modeling field as the first robust 
genetically engineered Xenopus model (GEXM) for familial 
adenomatous polyposis (Van Nieuwenhuysen et al., 2015). 
With the further expansion of the current genome engineer- 
ing revolution, we can expect rapid establishment of novel 
cancer models in Xenopus that can serve for exploration of 
cooperative gene mutations involved in cancer induction or 
progression and the identification of cancer cell vulnerabili- 
ties, which can offer therapeutic opportunities for targeted 
cancer treatments (Naert et al., 2021). 


21.1.2. A DIPLOID GENOME Favors GENETIC 


RESEARCH IN XENOPUS TROPICALIS 


With its high fecundity, large externally developing embryos, 
simple housing demands, and highly conserved developmen- 
tal pathways, Xenopus has proven to be extremely well suited 
for biomedical research (Tandon et al., 2017). However, since 
Xenopus laevis harbors an allotetraploid genome, employ- 
ing genetic engineering to mimic human genetic diseases 
or cancer can be challenging for certain genomic regions in 
this species (Session et al., 2016). The same applies to some 
extent to zebrafish, which has at least 20% of its genome 
duplicated (Postlethwait et al., 2000). In contrast, Xenopus 
tropicalis harbors, just like humans and mice, a true diploid 
genome displaying high synteny with the human genome 
(Hellsten et al., 2010). In addition, despite the obvious evo- 
lutionary distance between frogs and humans, from what is 
known today, 79% of human disease genes have a Xenopus 
tropicalis orthologue (Hellsten et al., 2010; Khokha, 2012). 
In conclusion, these special features place X. tropicalis in 
a unique position for employing nuclease-based techniques 
with regard to disease/cancer modeling. 


21:2. 
21:2.1: 


PAST OBSERVATIONS 


EARLY XENOPUS EMBRYOGENESIS AS A SOURCE 
OF INFORMATION FOR STUDYING PATHWAYS 
AND CELLULAR PROCESSES INVOLVED IN 
CANCER INITIATION AND PROGRESSION 


Many mechanisms and hallmarks underlying cancer initia- 
tion and progression (Hanahan and Weinberg, 2000, 2011) 
are comparable between a wide range of species, including 
Xenopus (Hardwick and Philpott, 2018). As cancer develop- 
ment and progression often involve the re-use of particular 
embryonic pathways and processes (Pennisi, 1998), Xenopus 
serves as an important tool for elucidating these normal 
developmental processes in order to understand the paral- 
lel mechanisms and molecular players underlying malig- 
nant transformation. A considerable amount of research has 
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indeed exposed high similarities between normal embryonic 
developmental processes and particular tumor cell behav- 
ior, especially at the level of gene and protein expression, 
epigenetic regulation, and cell invasion and migration (Ma 
et al., 2010). As an example, Wnt signaling, which is known 
to play a key role in embryonic development (e.g. during 
body axis formation, cell migration, cell fate determination, 
and others), is deregulated in the vast majority of human 
colon cancers (Hardwick and Philpott, 2015). Interestingly, 
Xenopus researchers have exploited a functional biologi- 
cal assay based on duplication of the dorsal axis upon the 
ventral injection of mRNA-encoding mediators of the Wnt 
pathway, such as P-catenin, to develop chemical screens 
(Kühl and Pandur, 2008). Regarding embryonic morpho- 
genetic processes re-activated during tumor progression, 
epithelial to mesenchymal transition (EMT), occurring 
for instance during neural crest cell delamination, is a key 
process during tumor cell invasion (Yang et al., 2020). The 
molecular processes underlying EMT during neural crest 
cell delamination have been intensively investigated by sev- 
eral Xenopus research groups (Pegoraro and Monsoro-Burq, 
2013). Interestingly, Xenopus anti-EMT compound screens 
have been deployed in embryos, which identified chemicals 
that also affect cancer cell invasion (Tanaka et al., 2016) (see 
section 5.2). 


21.2.2. NATURALLY OCCURRING TUMORS IN XENOPUS 


Spontaneous occurrence of tumors is rather uncommon 
in Xenopus, leading to the now-contested belief that frogs 
are rather recalcitrant to carcinogenesis. This was further 
strengthened by the fact that potent human carcinogens have 
shown limited to no effect in Xenopus laevis (Hardwick and 
Philpott, 2018). For example, attempts with N-methyl-N- 
nitrosourea (NMU), a known human carcinogen, failed to 
induce tumors in Xenopus laevis (Goyos and Robert, 2009). 
However, cases of spontaneous adenocarcinoma, fibroma, 
lipoma, lymphosarcoma, and leukemia have been occa- 
sionally documented (Balls, 1962; Stacy and Parker, 2004; 
Suzuki et al., 2020). Finally, a number of naturally occur- 
ring thymic tumors, from which several lymphoid tumor 
cell lines could be established, are now being used for elu- 
cidating key mechanisms for tumor versus immune system 
interactions, especially via transplantation experiments (see 
subsequently) (Robert, Guiet and du Pasquier, 1994; Goyos 
and Robert, 2009). 


21.2.3. INDUCED TUMOR-LIKE STRUCTURES 


The very first report of genetically induced tumors in 
Xenopus laevis embryos dates from 1997, where mRNA 
encoding human dominant-negative p53 was injected in early 
embryos, inducing the formation of embryonic tumors, so- 
called induced tumor-like-structures (ITLSs) (Wallingford 
et al., 1997; Wallingford, 1999). Closely thereafter, similar 
approaches were undertaken to model tumors in embryos 
upon injection of glil or rel (Xrel3) mRNA (Dahmane et al., 
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1997; Yang et al., 1998). Relatively recently, the technique for 
inducing tumors in embryos was used to study novel mech- 
anisms in tumor formation. By investigating ITLSs, it was 
found that transmembrane voltage potential is a crucial cel- 
lular parameter for tumor detection and control, highlighting 
opportunities for novel therapeutic intervention (Chernet and 
Levin, 2013). The same research group also identified the 
importance of long-range gap junctional signaling in regulat- 
ing tumorigenesis (Chernet, Fields and Levin, 2015). 


21.2.4. Tumor—IMMUNE SYSTEM INTERACTIONS 


Xenopus appears to be well positioned for investigating the 
role of the immune system against cancer. The majority of 
the mechanisms and cell types governing both the innate and 
the adaptive immune system are highly conserved between 
Xenopus and humans (Robert and Ohta, 2009), and experi- 
ments in Xenopus laevis have exposed crucial roles for CD8+, 
NK, and NKT-like cells in anti-tumor defenses (Goyos 
and Robert, 2009; Banach and Robert, 2017; Banach et al., 
2019). In addition, an elegant strategy for modeling tumors in 
Xenopus is used based on the subcutaneous transplantation 
of a lymphoid tumor cell/collagen mixture matrix in isogenic 
tadpoles, allowing the study of the tumor microenvironment, 
neovascularization, and immune cell interactions (Haynes- 
Gimore et al., 2015). Interestingly, in light of the recent prom- 
ising developments in the use of immune checkpoint inhibition 
for treating a range of aggressive cancers in humans (Taube 
et al., 2014), the Xenopus genome contains the orthologues for 
both the human receptors PDCDI (PD1) and CTLA4 as well 
as their respective ligands CD274 (PDLI) and CD86. 


21.2.5. GENETICALLY ENGINEERED XENOPUS MODELS 


With the invention of nuclease-based genome editing systems 
like ZFNs, TALENs, and CRISPR/Cas9, cancer research 
experienced an unprecedented push forward. Next to mice and 
zebrafish, numerous genetically engineered organisms have 
emerged for cancer modeling, ranging from yeast (reviewed by 
Guaragnella et al., 2014), Drosophila (reviewed by Mirzoyan 
et al., 2019), and swine (reviewed by Watson et al., 2016) to 
Xenopus tropicalis (Van Nieuwenhuysen et al., 2015; Naert 
et al., 2016; Naert, Dimitrakopoulou, et al., 2020). Especially 
favored by its diploid genome, genetically engineered Xenopus 
tropicalis might become extremely useful in deciphering fac- 
tors that drive cancer or expose genetic cancer vulnerabilities. 


21.3. CHALLENGES TO OVERCOME 


As with other animal models, GEXMs can experience some 
criticism from the scientific and medical communities. 
Therefore, in this section, we will highlight some concerns 
that might arise and how to answer potential reviewers’ cri- 
tique regarding the use of GEXM in cancer research. 

An obvious criticism that may arise is that of the greater 
evolutionary distance that exists between amphibia and mam- 
mals. Without any doubt, mice models currently better reflect 
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the patient situation. However, Xenopus—like zebrafish—can 
perfectly serve as complementary model, since generating 
disease models (even in FO) is extremely straightforward, and 
findings can be eventually extrapolated to mammalian organ- 
isms such as mice. Additionally, it is worth mentioning that in 
contrast to its teleost counterpart, Xenopus does have limbs, 
lungs, and urinary bladder, allowing the modeling of diseases 
and or cancer in these organ systems. An additional major 
shortcoming of current GEXMs is that the genetic insults are 
not introduced in a tissue-, organ-, or cell-type-specific man- 
ner. While inducible Cre-Lox technology would be applicable 
in Xenopus, there is limited reason or benefit to introduce this 
technology for cancer modeling in Xenopus, given the exten- 
sive genetic tools currently available in the mouse. However, 
the ease with which targeted injections can be performed 
in the external developing Xenopus embryos, especially with 
the existence of a detailed fate map (Dale and Slack, 1987; 
Moody, 1987), makes tissue-restricted genome engineering 
possible (Van Nieuwenhuysen et al., 2015). This in turn also 
lowers the danger of abrogating embryonic processes leading 
to lethality. Of note, we want to point out that even for efficient 
guide RNAs injected in one- or two-cell-stage embryos, the 
significant occurrence of small functional in-frame mutations, 
as well as the possibility to carefully dose the concentration 
of the genome-editing reagents, might be sufficient to retain 
normal functionality in order to avoid perturbing embryonic 
development (Naert, Tulkens, et al., 2020). 

Another major shortcoming is the fact that cancer forma- 
tion in GEXMs generated via multiplexing injections results 
from the simultaneous introduction of mutations in genes, 
while in normal oncogenesis, this is a sequential process, 
with intermediate selection of certain cell sub-populations. 
A final drawback that one might notice is the limitation of 
only being able to generate loss-of-function mutations, as 
knock-in engineering remains challenging (Aslan et al., 
2017). For that, we refer to recently published technologies 
that may be used in the future to induce expression of onco- 
genes (described in section 6.3). 

Of note, an issue that might arise when using CRISPR- 
or TALEN-mediated genome editing is the phenomenon of 
off-target effects. However, when targeting cancer-related 
genes, the genetic insult will be under positive selection. 
Therefore, if a developing tumor does not show the intended 
biallelic inactivation of the TSG or monoallelic inactiva- 
tion combined with loss of heterozygosity (LOH), tumor 
induction may have been the result of an off-target effect. 
Similarly, when introducing activating mutations in a proto- 
oncogene, this should be apparent in at least one of the two 
targeted alleles of the sampled tumor. 


21.4. GENETICALLY ENGINEERED XENOPUS 


MODELS FOR CANCER RESEARCH 
21.4.1. GENERATION OF CLINICALLY RELEVANT GEXMs 


From genome-wide studies, it is becoming clear that spe- 
cific genetic alterations found in human cancers are often 
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associated with activation of discrete signaling pathways. 
Interestingly, activation of these cancer pathways can often 
be mediated by either the aberrant activation of oncogenes 
or by the inactivation of tumor suppressor genes. As an 
example, the Wnt pathway can be activated by either a gain- 
of-function (GOF) mutation in the proto-oncogene CTNNB1 
or a loss-of-function (LOF) mutation in the tumor suppres- 
sor gene APC. Similarly, GOF mutation in PISKCA or LOF 
of the TSG PTEN in essence have a similar functional out- 
come. As described earlier, the inactivation of TSGs is most 
convenient to achieve via CRISPR. In addition, it is also 
very straightforward to introduce LOF mutations simultane- 
ously in multiple tumor suppressor genes by means of mul- 
tiplexed injections. 

Modeling human cancer in Xenopus can encompass the 
generation of heterozygote or homozygote lines harboring 
mutations in key TSGs (e.g. tp53-/-, tp53+/-, apc+/-) that 
consequently are prone to accelerated cancer development 
during their life span (Naert, Dimitrakopoulou, et al., 2020). 
However, in these models, cancer initiation is dependent on the 
stochastic acquisition of second hit mutations or LOH, which 
may still take several months or even years. Alternatively, 
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since cells carrying biallelic hits in TSGs encounter strong 
positive selective pressure, rapid FO modeling is possible even 
with low-efficiency nucleases and in a multiplexed fashion 
(Van Nieuwenhuysen et al., 2015; Zuckermann et al., 2015; 
Naert et al., 2016; Naert, Dimitrakopoulou, et al., 2020). 
Since loss of biallelic WT alleles and/or second hit mutations 
are experimentally induced at an early developmental time 
point, these models in general are very fast, mostly requiring 
less than three months until tumor formation, and are very 
penetrant (Figure 21.1). 


TALEN-MeDIATED TSG DISRUPTION AS A FIRST 
GENETIC XENOPUS TROPICALIS CANCER MODEL 


21.4.2. 


The very first genuine genetic Xenopus tropicalis tumor 
model was established in 2015 using TALEN nucleases 
guided to introduce truncating mutations in the hotspot muta- 
tion region of the TSG apc. The resulting tadpoles presented 
with a tumor spectrum resembling the familial adenomatous 
polyposis (FAP) and Gardners’ syndrome, including intesti- 
nal neoplasia (but no intestinal adenomas), desmoid tumors, 
medulloblastomas, retinal hyperproliferation, and epidermoid 
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nucleases. Tumor formation relies on the principle of positive selection, in which mutant cells can obtain a proliferative advantage, 
further validated via next-generation amplicon deep sequencing. (Right) Generation of X. tropicalis cancer models via heterozygote 
intercrossing of animals carrying a loss-of-function mutation in a tumor suppressor gene (e.g. tp53*”-). In heterozygote animals tumor 


formation in general occurs upon loss-of heterozygosity (LOH). 
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cysts. Already four to five weeks after injection, tadpoles 
showed organization abnormalities in the intestine, and des- 
moid tumors became apparent around metamorphosis (Van 
Nieuwenhuysen et al., 2015). Of note, by using targeted injec- 
tion of the apc TALEN mRNAs in a single blastomere of an 
eight-cell embryo, it was found that the occurrence of specific 
tumor phenotypes and survival rates highly depended on the 
blastomere that was injected, further demonstrating the vir- 
tue of targeted injections. For example, desmoid tumors were 
not observed when embryos were injected animal-dorsally 
(blastomere assignation) (Van Nieuwenhuysen et al., 2015). 
As a side note, these TALEN injections eventually led to the 
generation of a heterozygote apc line. 


21.4.3. CRISPR/Cas9 CANCER MODELING 


IN XENOPUS TROPICALIS 


TALENSs can be extremely useful as genome editing reagents 
and are by their design and molecular mode of action less 
prone to off-target effects. However, CRISPR, although 
being PAM sequence restricted, has several interesting fea- 
tures over TALENs, such as higher in vivo effectiveness, 
ease of use, shorter time required for reagent assembly, and 
higher multiplexing potential (Nemudryi et al., 2014). These 
unique characteristics were translated into the generation of 
the first CRISPR/Cas9 cancer models in Xenopus tropicalis. 

Shortly after the first Xenopus tropicalis apc TALEN 
tumor model, the first Xenopus tropicalis CRISPR/Cas9 
tumor model was generated, closely mimicking human reti- 
noblastoma by the concomitant biallelic inactivation of rb/ 
and rbl] (Naert et al., 2016). Interestingly, while in humans, 
biallelic disruption of the RB/ gene is sufficient to induce 
retinoblastoma (Lohmann, 1999), the additional inactiva- 
tion of the retinoblastoma-like rbl] gene was required for 
retinoblastoma formation in Xenopus. In fact, Xenopus 
tropicalis thereby parallels the situation in the mouse, where 
the simultaneous inactivation of Rb/ and Rbl1/p107 is also 
required (Robanus-Maandag et al., 1998). Importantly, reti- 
noblastoma induction in the rb//rbl/ crispant model showed 
very high penetrance (up to 73%) and short latency (median 
time of 69 days). In addition to the prevalent retinoblastoma, 
occasional appearance of a brain tumor type (probably pine- 
aloblastoma), as well as choroid plexus neoplasms and small 
cell lung cancer, was observed (Naert et al., 2016). 

Apart from the apc heterozygote line, generated via 
TALENSs, two novel cancer-prone Xenopus tropicalis lines 
(tp53+/— and tp53—/—-) were recently generated using 
CRISPR/Cas9 (Naert, Dimitrakopoulou, et al., 2020). These 
animals resemble the human Li-Fraumeni syndrome (LFS), 
with manifestation of hematologic malignancies and sarco- 
mas in direct accordance with previously published 7p53 
mutant mouse models (Donehower et al., 1992; Jacks et al., 
1994). While tp53+/— Xenopus animals showed normal sur- 
vival in the first two years, tp53—/— animals already dem- 
onstrated clear signs of disease at the age of one year, and 
only 34% of the animals were alive after two years (Naert, 
Dimitrakopoulou, et al., 2020). It is important to notice that 
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the time until morbidity was substantially longer than is 
the case for homozygous 7p53 knockout mice (4.5 months) 
(Donehower, 1996), which we believe may be related to the 
longer life span of Xenopus compared to the mouse. 

Given the involvement of TP33 mutations as a cooperative 
event in the vast majority of human cancers, the availability 
of tp53 mutant lines also offers opportunities for new applica- 
tions for a range of additional cancer models in Xenopus. In the 
cancer models obtained by simultaneous disruption of rb/ and 
rbll, it was found that additional tp53 disruption aggravated 
tumor malignancy for the choroid plexus carcinomas and the 
gliomas (Konukiewitz et al., 2017; Naert, Dimitrakopoulou, et 
al., 2020). In a pilot multiplexing experiment combining four 
sgRNAs (rb1, rbll, pten, and tp53), it could be determined that 
pten disruption further aggrevated the glioblastoma phenotype 
(Naert, Dimitrakopoulou, et al., 2020), which is in line with 
clinical data (Xiao et al., 2002; Chow et al., 2011). 


21.5. APPLICATION POTENTIAL OF XENOPUS 
TROPICALIS CANCER MODELING 


21.5.1. GEXM FOR IDENTIFICATION OF 


NoveL TUMOR DEPENDENCIES 


Currently, there is an increased interest in the identification 
of druggable gene products that are crucial for tumor growth. 
These targets, further called dependency factors, are nowa- 
days being identified employing so-called “negative selec- 
tion dependency screens” using techniques such as RNAi, 
shRNA, and CRISPR/Cas9 (Chen et al., 2015, 2018; Tzelepis 
et al., 2016; Tsherniak et al., 2017). Interestingly, recently, 
a method for in vivo CRISPR/Cas9 Selection-mediated 
Identification of Dependencies (CRISPR-SID) was devel- 
oped using the apc-based Xenopus tropicalis desmoid tumor 
model (Naert et al., 2021). Using a multiplexing strategy, a 
guide RNA for the tumor suppressor gene apc is co-injected 
with a guide RNA against a putative dependency gene, and 
animals are grown until they develop desmoid tumors. Due 
to their pure monoclonal and non-metastasizing growth, the 
desmoid tumors are ideally suited for performing these tar- 
geted dependency screening approaches. Genotyping of the 
isolated desmoid tumors allows the identification of depen- 
dency genes. More specifically, one can quantitatively assess 
selection mechanisms by comparing for a particular guide 
RNA, the induced double strand break (DSB) repair out- 
comes in normal embryonic tissue in the absence of nega- 
tive selection (determined by deep amplicon sequencing) 
with the repair outcomes observed in experimental tumors. 
Specifically, the tumor will select for out-of-frame insertion- 
deletion (INDEL) mutations in tumor suppressor genes (= 
positive selection) while favoring absence of gene editing 
or the presence of in-frame INDELs in essential genes or 
dependency genes. Hence, for a genuine dependency gene, in 
all the tumors sampled, at least one of the two alleles of the 
targeted dependency gene will be either wild type or have an 
in-frame mutation that maintains protein function to allow 
sustained tumor growth (Figure 21.2). 
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FIGURE 21.2 Overview of applications in Xenopus tropicalis cancer models. (Left) FO X. tropicalis cancer modeling using targeted 
nucleases combined with next-generation amplicon deep sequencing can provide rapid (two to three months) genetic information expos- 
ing cancer drivers/modifiers/TSGs. (Middle) Robust X. tropicalis cancer models can be used for the identification of novel tumor depen- 
dency genes. (Right) GEXMs can be used for validating potential compounds (e.g. repurposed or investigational new drugs). 


This CRISPR-SID methodology can now be implemented 
in other Xenopus tropicalis solid tumor cancer models 
(Naert, Dimitrakopoulou, et al., 2020) or even hematological 
cancer models (reviewed by Dimitrakopoulou et al., 2019). 
Xenopus tropicalis can thus serve as a rapid and efficient 
preclinical model for the validation of dependency genes, 
which in turn opens the road for novel molecular therapies. 


21.5.2. GEXMs as TOOL FOR NOVEL ANTI- 


CANCER COMPOUND VALIDATION 


Similar to zebrafish (for comprehensive review, see Letrado 
et al., 2018), Xenopus can be used for identification and vali- 
dation of novel anti-cancer compounds. In zebrafish com- 
pound administration can be done simply by addition to the 
water (Lieschke and Currie, 2007), via direct intraperito- 
neal (Kinkel et al., 2010) and retro-orbital injection (Pugach 
et al., 2010), or even via oral gavage (Dang, Fogley and Zon, 
2016). In addition, rapid zebrafish embryonal anti-cancer 
compound screens, in which embryos with a “proxy-cancer 
phenotype” (embryos that show tumor-like structures in 
early embryonal stages) are subjected to hundreds of com- 
pounds, have proven very effective (White, Rose and Zon, 
2013). When the compound is administered to the zebrafish 
water, it can be taken up via the skin or via direct swallow- 
ing, as demonstrated by a study where uptake was monitored 
using liquid chromatography-tandem mass spectrometry 
(LC-MS/MS) (Zhang et al., 2015). Xenopus has also been 
used in screens to identify compounds for the treatment of 
rare human inherited diseases or to uncover novel agonists 


and antagonist of key embryonic pathways (reviewed by 
Schmitt et al., 2014; Wheeler & Liu, 2012). As was already 
described, early Xenopus embryos have also been subjected 
to a range of potential anti-EMT compounds and screened 
for possible perturbations of gastrulation and migration of 
cranial neural crest cells (Tanaka et al., 2016). The identi- 
fied potent compounds interfering with embryonic EMT 
processes were subsequentially investigated in mouse can- 
cer models (Tanaka et al., 2016). While screening of early 
embryonic phenotypes can be performed on a large scale in 
a small multi-well format, tumor-bearing GEXMs in gen- 
eral are too large for such an application. However, com- 
pound validation experiments can be performed in these 
GEXMs (Figure 21.2). In a proof-of-concept experiment, 
our research group recently applied a Xenopus tropicalis 
drug treatment approach in which desmoid tumor-bearing 
adult animals were treated with Tazemetostat (EZP-6438), 
a known human EZH2 inhibitor, by simple administration 
of the compound to the rearing water. Interestingly, mag- 
netic resonance imaging (MRI) of treated animals showed a 
significant shrinkage of the tumors (Naert et al., 2021). We 
truly believe that these findings might accelerate the process 
of novel anti-cancer compound identification. Also, with the 
advances in Xenopus tumor cell transplantations and avail- 
ability of reporter lines, we foresee that novel experiments 
will become feasible combining allotransplantations with 
compound administration. 

It should be highlighted that for compound treatments, 
parameters like absorption, bioavailability, dosage, water 
solubility, and degradability are to be taken into account 


Tumor Formation and Regulation in Xenopus 


when small molecules are administered to the water. This is 
already the case for embryos and larvae where compounds 
are taken up via the skin or gills or via direct swallowing 
(Wheeler and Brändli, 2009) but is likely even more impor- 
tant when treating post-metamorphic animals. A critical 
question that arises when adding compounds to the water 
is the determination of the dose and the compound refresh- 
ment scheme. There is no “gold standard” for this, but it may 
evidently be possible to determine the concentration of the 
compound in the liver or in targeted organs by performing 
mass spectrometry. However, the best test to determine the 
required concentration is to look at a biological read-out for 
the compound. As an example, we documented H3K27me3 
levels in the liver to determine the required concentration 
of the previously mentioned EZH2 inhibitor Tazemetostat. 
Of note, the required concentration in the frog water was 
100 times of what was needed in cell culture experiments. 
We refreshed half of the water (with compound) daily or 
every second day. For compounds that are not taken up via 
the rearing water or that are very expensive, intraperitoneal 
injection is relatively easy to perform, and a protocol for oral 
gavage has been described for Xenopus laevis (Du, Mashoof 
and Criscitiello, 2012). 


21.6. CURRENT AND FUTURE 
XENOPUS TROPICALIS CANCER 
MODELING METHODOLOGIES 


21.6.1. Toots FOR IN Vivo MONITORING 


OF TUMOR PROGRESSION 


Correct follow-up of tumor progression and quantitative 
phenotypic analysis are essential to cancer research studies. 
While external signs of morbidity associated with cancer 
development such as lethargy, cachexia, or a swollen abdo- 
men may be straightforward to observe, they only provide 
limited information on the actual pathological status of 
the underlying malignancy. Furthermore, when investigat- 
ing responses on treatments, a longitudinal follow-up of 
disease status is paramount to assess the effectiveness of 
the treatment. Currently, micro CT scanning has proven 
its usefulness for uncovering ectopic calcified outgrowths, 
such as osteosarcoma, in 1p33 heterozygote animals 
(Naert, Dimitrakopoulou, et al., 2020). Likewise, mag- 
netic resonance imaging (MRI) of adult Xenopus tropicalis 
tumor-bearing animals is a useful tool to follow efficacy of 
compound treatments (Naert et al., 2021). In addition, opti- 
cal coherence tomography may serve as alternative tool for 
monitoring cancer development, which was nicely demon- 
strated in mice (reviewed by Vakoc et al., 2012). While the 
latter method should be applicable to Xenopus (Boppart 
et al., 1997), its use may be primarily restricted to tumors in 
early tadpoles, since the tissue penetrance depth is limited to 
approximately 2 mm. As an alternative, a penetrance depth 
of centimeters can be obtained in Xenopus via ultrasound 
imaging (Bartlett et al., 2010; Slater et al., 2019) and could 
be applicable for monitoring tumor progression, as is done in 
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mouse studies (Snyder et al., 2009). Finally, the generation 
of stable transgenic reporter lines can be a very valuable tool 
for following tumor progression. Of note for the detection of 
tumors in the internal organs, and given the size of the frogs 
and the opacity of the post-metamorphic skin, biolumines- 
cent reporters may be better suited than fluorescent reporter 
genes to detect tumor masses. 


21.6.2. OVERVIEW OF TUMOR CELL 


TRANSPLANTATION POSSIBILITIES 


Transplantation experiments are useful tools for investigat- 
ing the role of the host immune system upon subcutaneous 
tumor cell injection in Xenopus tadpoles (Haynes-Gimore 
et al., 2015) and are also useful for propagating tumor 
cells. In addition, with regard to cancer research, investiga- 
tion of tumor engraftment potential has already shown its 
usefulness in validating zebrafish leukemia models (Smith 
et al., 2010; Borga et al., 2019). Currently, multiple possi- 
bilities exist that are suitable for performing Xenopus tumor 
transplantation experiments. First, transplantation of tumor 
cells in thymectomized Xenopus animals, thus lacking the 
main functional T-cell compartment, offers a possibility to 
avoid graft rejection (Robert et al., 1997). Besides, synge- 
neic lines (e.g. LG-6, LG-15 . . .) being MHC identical have 
proven their usefulness for tumor transplantation purposes 
(Hadji-Azimi and Fischberg, 1971; Rau et al., 2002; Haynes- 
Gilmore et al., 2014, 2015). Additionally, sublethal gamma 
irradiation has been used to allow transplantation of spon- 
taneous lymphoid tumors (Robert, Guiet and du Pasquier, 
1995; Rau, Cohen and Robert, 2001) or even for transplanta- 
tion of leukemic cells derived from GEXMs (Tulkens et al., 
2021). We would also like to mention that a rag2 homozy- 
gote knock-out line (lacking mature T- and B-cells), which 
has already proved its usefulness in zebrafish transplanta- 
tion experiments (Tang et al., 2014), has recently been gener- 
ated in Xenopus tropicalis and shows engraftment potential 
for multiple tumor types (Tulkens et al., 2021). Finally, while 
in rag2 knockout animals, rejection of allografted tumors 
may still occur by natural killer cells or other populations 
of the innate immune system, this potential problem can be 
circumvented by the use of fully immunocompetent X. trop- 
icalis inbred lines (Sato et al., 2018). 

Recently, zebrafish larvae and immunocompromised 
adults have been used as recipients for xenotransplantation 
of human cancer cells and even patient-derived tumor biop- 
sies. These so-called “avatars” can be used for phenotypic 
testing of drug responses with the ultimate goal of finding 
patient-tailored molecular therapies (Fazio et al., 2020). 
Recent work by the Langenau laboratory described the gen- 
eration of a semi-transparent prkdc—/=, il2rga—/- line that 
lacks adaptive immune cells and natural killer cells and can 
be adapted to 37°C before being engrafted with human can- 
cer cells, after which candidate therapeutics were admin- 
istered via oral gavage (Yan et al., 2019). While this may 
seem an attractive model to introduce in Xenopus, the need 
to adapt the animals to 37°C may not be achievable, and one 
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may also wonder what the added value over the zebrafish 
model would be. 


21.6.3. FUTURE PROSPECTS FOR PRECISE 


XENOPUS GENE EDITING 


Current GEXMs only encompass inactivating mutations in 
tumor suppressor genes, as generating activating mutations 
in proto-oncogenes is currently challenging and inefficient. 
However, a major advantageous characteristic is that tumor 
formation is under positive selection, thereby requiring the 
activating mutation(s) to be present in a limited number of 
cells, and alternative methods exist for the efficient induc- 
tion of oncogenic gene activation. 


1. For example, in the context of leukemia, a hyper- 
active Notch1 protein can be obtained simply by 
targeting a specific region in the last exon of the 
notch gene. Introduction of a frameshift INDEL 
mutation and subsequent translational termination 
will thus result in the expression of a truncated 
Notch1 protein that lacks the C-terminal PEST 
sequence that targets the protein for proteolytic 
degradation. This in fact recapitulates the muta- 
tions found in a substantial fraction of T-ALL 
patients and results in increased Notch signaling, 
ultimately driving oncogenic transformation in the 
T-cell lineage (Baldus et al., 2009). Of note, while 
the inactivation of tumor suppressor genes requires 
the disruption of the two alleles, oncogenic muta- 
tions are dominant, allowing the maintenance of 
one wild type allele. 

2. Many cancers are driven by oncogenic fusion 
proteins. Jn vivo viral delivery of CRISPR/Cas9 
reagents in mice has been used for efficient gen- 
eration of oncogenic fusion proteins showing pen- 
etrant lung tumor formation (Blasco et al., 2014; 
Maddalo et al., 2014). This strategy builds on the 
simple injection of two guide RNAs targeting intron 
regions of two genes on the same chromosome, 
being separated by more than 10 Mb from each 
other, resulting in a fusion of both loci mimicking 
the patient situation (Blasco et al., 2014; Maddalo 
et al., 2014). Considering the concept of positive 
selection, this technique might be extrapolated 
to generate FO mosaic mutant GEXMs harboring 
fusion oncogenes, whether or not in combination 
with cooperating loss-of-function event(s) in one or 
more tumor suppressor gene(s). 

3. The generation of knock-ins in embryos using 
CRISPR/HDR (homology directed repair)-medi- 
ated targeted gene editing in Xenopus remains 
challenging, as low homologous repair rates 
(<3%) are observed in Xenopus FO mosaic mutant 
embryos (Aslan et al., 2017). This could hamper 
the generation of additional cancer predisposition 
models such as Li-Fraumeni syndrome, where 
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particular missense mutations may be associated 
with dissimilar tumor spectra or latency for disease 
onset (Bougeard et al., 2008). However, Aslan et al. 
(2017) described that Xenopus oocytes show sig- 
nificant higher homology-directed repair activity. 
For this methodology, CRISPR/Cas9 reagents and 
a single-strand DNA template were co-injected in 
oocytes, and subsequent host-transfer yielded edit- 
ing efficiencies up to 25.7% (Aslan et al., 2017). 
Therefore, this method would allow the model- 
ing of variants of uncertain significance (VUS) 
in the contexts of human cancer predisposition 
(Eggington et al., 2014). 

4. Additionally, we would like to mention that, very 
recently, we validated for the first time that in vivo 
genome editing outcomes using CRISPR/Cas9 can 
be accurately predicted using in silico prediction 
software like InDelphi both in Xenopus tropicalis 
and laevis as well as in zebrafish (Naert, Tulkens, 
et al., 2020). This interesting finding offers unique 
opportunities for selecting guide RNAs favoring 
frameshift mutations, thus maximizing FO pheno- 
type penetrance or even for selecting guides that 
give a predominance for a specific small INDEL 
which can facilitate modeling patient specific 
mutations in a rapid manner (Naert, Tulkens, et al., 
2020). 

5. Finally, we would like to mention that with the 
generation of CRISPR base editors (Komor et al., 
2016), the PITCh (precise integration into target 
chromosome) system (Sakuma et al., 2016), and 
CRISPR prime editing (Anzalone et al., 2019), pre- 
cise cancer modeling will be significantly enhanced 
in the (near) future, offering novel opportunities for 
more GEXMs. 


In conclusion, in the Xenopus field, major steps have already 
been taken in unraveling genetic factors that drive cancer 
formation and maintenance. However, we believe that this 
might be only an initial step stone to more extensive applica- 
tions, as with the expansion and fine-tuning of genome engi- 
neering techniques, this field is rapidly evolving. Considering 
thereby the unique benefits of performing cancer research in 
Xenopus tropicalis, primarily fast and efficient GEXM gen- 
eration with concomitant targeting of multiple genes, this 
organism can eventually be nicely complementary to mice 
and zebrafish and aid in the development of novel precise 
cancer therapies. 
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Polymorphisms in protein-coding exons can result in non- 
functional, hypomorphic, or hyperactive proteins, whereas 
those in regulatory elements can influence penetrance, 
dominance, expressivity, and pleiotropy. For nearly 40 
years, research to understand the function of individual 
genes has focused on utilizing inbred animals to eliminate 
the confounding influences of polymorphisms, second-site 
mutations, and modifier genes. However, it has become 
increasingly clear that these genetic polymorphisms in 
the human population are very prevalent and contribute to 
variable phenotypes, disease susceptibility, and responses 
to environmental factors and therapies. This chapter sum- 
marizes the relationship between human genetic variation 
and disease, discusses why inbred experimental models are 
inadequate for examining this relationship, and summa- 
rizes the important role of the frog, Xenopus, as an excellent 
outbred experimental system to study the effects of genetic 
polymorphisms in human disease. 


22:1: 
22.1.1: 


HISTORICAL BACKGROUND 


NATURAL POLYMORPHISMS IN THE HUMAN GENOME 


Even though the first draft of the human genome sequence 
was released nearly 20 years ago, the current human refer- 
ence genome is still predominantly derived from a very 
limited number of individuals (International Human Genome 
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Sequencing Consortium, 2004; Lander et al., 2001; Venter et 
al., 2001). Accordingly, it does not represent the considerable 
genetic variation that exists across the world’s human popula- 
tion (Ballouz et al., 2019; Wong et al., 2020). We now appre- 
ciate the significance of this deficiency because this genetic 
variation helps to explain why different populations are dif- 
ferentially susceptible to certain diseases and exhibit different 
responses to environmental factors and medical treatments 
(Choudhury et al., 2014; Posey, 2019; Zerbino et al., 2020). 
Accordingly, there is growing interest in understanding these 
genetic variations and in constructing databases that cata- 
logue them. 

Genetic diversity among ethnicities, called genetic poly- 
morphisms (Kruglyak and Nickerson, 2001), make up only 
about 1% of the genome and are responsible for common dif- 
ferences between humans such as eye, skin, and hair color 
(Pavan and Sturm, 2019; White and Rabago-Smith, 2011) 
but can also affect susceptibility to disease. A “genetic poly- 
morphism” is a variation in a given gene locus that occurs 
with a frequency of 1% or more in a given population. Less 
common variations are referred to as “mutations” (Karki 
et al., 2015; Kruglyak and Nickerson, 2001; Stenson et al., 
2017). The most common form is the substitution of a sin- 
gle base pair, known as a single-nucleotide polymorphism 
(SNP) (Kruglyak and Nickerson, 2001). This small change 
can have different consequences depending on the loca- 
tion or degree of change within the gene: (1) Synonymous 
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SNPs appear inside the coding region and have no effect on 
the amino acid sequence or the protein function. However, 
some synonymous SNPs have been linked to human disease 
(Sauna and Kimchi-Sarfaty, 2011). (2) SNPs within the cod- 
ing region that cause protein sequence changes are classified 
as non-synonymous. These can be missense SNPs that result 
in amino acid changes or nonsense (stop codon) SNPs that 
cause premature termination of the protein. (3) SNPs located 
in non-protein coding regions can affect the sequence and 
structure of the encoded RNA, regulatory elements or pro- 
moters, splicing properties, or RNA stability. 

Other common polymorphisms in the human genome 
include short tandem repeats (STRs), insertions/deletions 
(indels), transposable elements (TEs) or Alu repeats, structural 
variations (SVs), and copy number variations (CNVs). STRs 
(microsatellites) are tandem 1-6 bp repeats that make up ~3% 
of the human genome. Most are polymorphic in nature and 
thus are used in forensic DNA typing (Novroski et al., 2018; 
Saini et al., 2018). STRs can be located within promoters, 
exons, introns, or intergenic regions; they can modulate gene 
expression and alter proteins by coding for repeated amino 
acids, as in some nervous system diseases (Saini et al., 2018). 
Other types of repeats include minisatellites (10—100 bp) and 
macrosatellites (>100 bp) (Richard et al., 2008). Indels can 
range from | to several hundred bps in length, are widespread 
across the genome, and are the second most common type of 
genetic variability. Indels cause extensive variation in human 
genes; those located in functionally important sites are likely 
to affect traits and disease susceptibility (Barton and Zeng, 
2018; Montgomery et al., 2013; Mullaney et al., 2010). 

SVs refer to architectural and quantitative chromosomal 
rearrangements, usually involving DNA segments of 1Kb 
or more. SVs include deletions, duplications, insertions, and 
translocations (Spielmann et al., 2018). If the SV causes 
changes in the diploid status of a genomic region, it is defined 
as a copy number variation (Spielmann et al., 2018; Zarrei 
et al., 2015). SVs contribute to the genetic diversity of the 
human genome and play important roles in cancer genetics, 
rare diseases, and evolutionary genetics. SVs can affect either 
coding or non-coding regions or the three-dimensional orga- 
nization of the DNA by disrupting higher-order chromatin 
structure influencing the expression of distant genes, thereby 
causing disease (Spielmann et al., 2018). 

Transposable elements are segments of DNA that can 
move around the genome and were previously referred 
to as “junk DNA,” but today we know they are important 
for gene regulation and evolution (Biémont and Vieira, 
2006). Sometimes TE insertion disrupts a gene’s function 
or expression pattern or triggers chromosomal rearrange- 
ments that are involved in cancer and other diseases (Jónsson 
et al., 2020). 


22.1.2. THE CONTRIBUTION OF GENETIC 


POLYMORPHISMS TO HUMAN DISEASE 


Numerous studies have analyzed the involvement of genetic 
polymorphisms in human disease. For example, drug 
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metabolism performed by cytochrome P450 (CYP) enzymes 
can be affected by genetic polymorphisms, resulting in dif- 
ferences in drug response between individuals and even 
adverse drug reactions (Manikandan and Nagini, 2018; Zhou 
et al., 2009, 2017). Depending on the CYP polymorphism, 
individuals can metabolize drugs either poorly, extensively, 
or ultrarapidly. Many polymorphisms are ethnic group 
dependent, leading to differences in drug responsiveness 
between world populations (Bachtiar et al., 2019; McGraw 
and Waller, 2012). 

Polymorphisms also affect the severity of defects seen 
in fetal alcohol spectrum disorder (FASD), a complex set 
of congenital malformations, neurobehavioral anomalies, 
and intellectual disabilities resulting from maternal alcohol 
consumption during pregnancy. The biochemical similarity 
between ethanol metabolism and retinoic acid (RA) biosyn- 
thesis led to the suggestion that ethanol clearance competes 
with the metabolism of retinol (vitamin A), thus reducing 
RA signaling (reviewed in Fainsod et al., 2020; Shabtai and 
Fainsod, 2018). Epidemiological studies indicate that the 
incidence and severity of FASD phenotypes have a genetic 
component (Eberhart and Parnell, 2016; Garic et al., 2014; 
Green et al., 2007). Studies focusing on the ADHIB gene 
found “protective” polymorphisms. ADH/B has 3 common 
alleles encoding for isozymes with different kinetic charac- 
teristics. The ADHIB * 2 and ADHIB * 3 isozymes have 
a turnover rate over 80 times greater than the ADHIB * 
1 variant. Expression of the “fast” alleles results in rapid 
acetaldehyde accumulation at the same blood alcohol 
concentration compared to individuals carrying the ADHIB 
* 7 allele (Hurley and Edenberg, 2012). Except for one study, 
all studies found that ADH/B*3 lowers the risk of FASD 
(Green and Stoler, 2007). 

The pathologies of many infectious, autoimmune, and 
malignant diseases are influenced by the profiles of cyto- 
kine production in pro-inflammatory (THI) and anti- 
inflammatory (TH2) T cells. Individual differences in 
cytokine profiles appear to be due, at least in part, to 
genetic polymorphisms within regulatory regions of cyto- 
kine genes (Bidwell et al., 1999). Toll-like receptor (TLR) 
genes, whose proteins are an important link between innate 
and adaptive immunity, exhibit SNPs, small-scale indels, 
polymorphic repetitive elements, and microsatellite varia- 
tion. Polymorphic variants of TLRs are associated with 
several inflammatory disorders, including a higher risk of 
prostate cancer (Sun et al., 2006), protection against leprosy 
(Johnson et al., 2007), higher risk of developing tuberculosis 
(Wu and Yang, 2015), susceptibility to inflammatory bowel 
disease (Török et al., 2017), increased risk for gram-negative 
bacteremia and sepsis, and increased prevalence of hepatitis 
B virus infection (Vijay, 2018). 


22.2. SUMMARY OF THE FIELD 


Although genetic polymorphisms impact human health and 
disease, research has commonly been performed in animals 
that share extensive genotypic composition to minimize the 
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effects of polymorphisms. Accordingly, genetic experiments 
are usually performed in inbred animal lines, defined as the 
result of at least 20 sequential generations of sister-brother 
mating, to increase homozygosity. 


22.2.1. Mouse INBRED LINES 


Inbred strains are the foundation of mouse developmental 
genetics because they reduce genetic variability within and 
across experiments performed in different laboratories. 
Although many mouse strains used in current research are 
close to homozygosity at any one locus, each strain has 
unique sets of polymorphisms and modifiers that affect 
their responsiveness to genetic manipulations and treat- 
ments. As examples: C57BL/6J is considered optimal for 
genetic engineering approaches, strain 129 is commonly 
used to produce targeted mutations due to the availability 
of many embryonic stem cell lines, and FVB is favored for 
transgenic microinjections due to very large pronuclei and 
large litter sizes (Blair et al., 2011; Bryant, 2011; Taketo 
et al., 1991). The advantage of each strain, however, is 
accompanied by different disease susceptibilities: CS7BL/6 
tends to develop age-related hearing loss, type 2 diabetes, 
and atherosclerosis; 129 is susceptible to testicular terato- 
mas; and FVB carries a mutation that results in blindness 
(Bryant, 2011; Rashid et al., 2019; Stevens and Hummel, 
1957). Thus, although the fixed genetic composition of 
inbred lines makes them extremely useful for specific 
experimental manipulations, their underlying genetic con- 
straints render them less than optimal for determining how 
health-related manipulations will affect genetically vari- 
able human populations. 

An additional caution is that there are sublines of the 
common inbred lines that can be distinctly different at the 
genomic level, such as multiple 129 substrains (Simpson 
et al., 1997; Threadgill et al., 1997) or the two C57BL/6 
substrains (6J, 6N), which have been separated for about 
220 generations and differ by numerous SNPs, indels, and 
SVs (Simon et al., 2013). In addition to substrain vari- 
ability, there can be significant differences between mice 
originating from the same substrain but housed within 
different laboratory colonies (Justice and Dhillon, 2016). 
Thus, an inbred mouse strain may not be as “isogenic” as 
presumed. 


22.2.2. COMMON FisH Lines 


Medaka (Oryzias latipes) and zebrafish (Danio rerio) are 
the most common fish used in biomedical research. Several 
inbred medaka lines have been generated by sibling mat- 
ing for over 20 generations, and several of these inbred 
lines have heterozygosity levels that are nearly 100-fold 
lower than in wild-caught fish (Spivakov et al., 2014). In 
contrast, zebrafish are prone to “inbreeding depression,” 
in which during the inbreeding process they exhibit a 
decline in successful matings and clutch size and an 
increase in offspring sterility (Monson and Sadler, 2010; 
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Shinya and Sakai, 2011). The two available lines consid- 
ered inbred (C32, SJD) were derived by early-pressure egg 
parthenogenesis (Johnson et al., 1995; Streisinger et al., 
1981). Similar to mouse, different zebrafish strains are 
genetically divergent from each other, from wild-caught 
fish from different localities, and from isolates of the 
same strain kept in different laboratories (Balik-Meisner 
et al., 2018; Franek et al., 2020; Suurváli et al., 2020). The 
inter-lab genetic diversity is thought to result from using a 
breeding laboratory population that is too small (Suurváli 
et al., 2020). 


22.2.3. AVAILABLE XENOPUS LINES 


Xenopus is the most common amphibian model used for 
biomedical research, and there are a few inbred lines. The 
Xenopus laevis J strain originated from a laboratory in 
Switzerland and was sent to the United States and then to 
Japan (hence “J” strain). In 1992, the 21st generation no 
longer exhibited long-term skin rejection, indicating that 
they were extensively homozygous. A descendant from the 
30th generation was used for genome sequencing (Session 
et al., 2016), and subsequent generations were used to cre- 
ate BAC libraries (32nd and 33rd), RNAseq data (33rd and 
34th), and chromosomal fluorescent in situ hybridization 
mapping (33rd) (Session et al., 2016). Like other inbred 
animals, the more uniform genetic background of J strain 
frogs enables improved accuracy for genome editing tech- 
niques (e.g. Ratzan et al., 2017), and the homozygosity of 
the MHC locus provides an important resource for immu- 
nological research (Gantress et al., 2003). The Xenopus 
laevis B strain originated at the Institute of Developmental 
Biology in Moscow as a spontaneous albino mutation, 
periodic albinism (ap) (Hoperskaya, 1975). Individuals 
were imported to Berkeley in the 1980s, and as a result 
of edemas, they were occasionally outbred to pigmented 
frogs and then crossed back to obtain the albino phenotype 
without edema (Savova et al., 2017). Since 1994, B strain 
frogs have been interbred for approximately ten genera- 
tions (Savova et al., 2017). 

Xenopus tropicalis was introduced to biomedical research 
because it has a simpler genome (diploid vs. allotetraploid) 
and a shorter generation time (5—8 months vs. 6-12 months) 
than Xenopus laevis. Beginning in the early 1990s, several 
laboratories obtained wild-caught Xenopus tropicalis from 
Nigeria (N) and the Ivory Coast (IC) (Grainger, 2012). The 
Golden strain was produced by selecting N frogs for rapid 
growth rate and early sexual maturity, resulting in a shorter 
generation time (Horb et al., 2019). Three stock centers 
(European Xenopus Resource Centre [EXRC, England], 
National BioResource Center [NBRC, Japan], National 
Xenopus Resource [NXR, USA]) produced eight Xenopus 
tropicalis lines (5 N and 3 IC), and by 2015, three N lines 
had achieved a high degree of homozygosity (Igawa et al., 
2015). Currently, N lines are at the 10th (NH), 11th (Golden, 
BH), and 18th (NA) generations, and the IC strains are at 
least at the 5th generation. 
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22.3. PRESENT STATE OF THE FIELD 


22.3.1. THE ADVANTAGES OF OUTBRED LINES 


Another complication with inbred lines is the different phe- 
notypes observed for the same mutation on different genetic 
backgrounds (Montagutelli, 2000). For example, deletion 
of the EGF receptor is peri-implantation lethal on a CF-1 
background, but in CD-1 mice, the pups live for up to three 
weeks postnatally (Threadgill et al., 1995). Differences in 
the severity of phenotypes linked to which inbred line was 
used have been reported for gene mutations involved in poly- 
cystic kidney disease, tooth development, spermatogenesis, 
and craniofacial development (Li et al., 2013; Percival et al., 
2017; Sakai et al., 2019; Sommardahl et al., 2001). Likewise, 
different lines show different susceptibility to neural tube 
defects in mice (Leduc et al., 2017), and to prenatal alco- 
hol exposure, resulting in FASD in mice, rats, chickens, and 
zebrafish (Eberhart and Parnell, 2016). 

For several decades, our reasoning has focused on the 
benefits of using inbred lines to minimize the influence 
of polymorphisms when examining single gene function. 
Now we recognize that there are many advantages to using 
outbred models. First and foremost, the lack of genetic 
diversity in inbred strains may not adequately inform stud- 
ies in patient populations, which are genetically diverse 
(Justice and Dhillon, 2016). Recently, there has been a call 
for including biological variability in animal-based biomed- 
ical research, including the use of genetic polymorphisms 
(Voelk] et al., 2020). In support of using genetically hetero- 
geneous animal models, it was recently shown that for the 
majority of phenotypes assessed, outbred mice were as phe- 
notypically stable as inbred mice and were more resistant 
to housing differences between laboratories (Tuttle et al., 
2018). The advantages of outbred strains were acknowl- 
edged by developing genetically diverse strains, including 
the Collaborative Cross mice, the Diversity Outbred mice 
(Harrill and McAllister, 2017; Saul et al., 2019; Threadgill 
et al., 2011), and the T5D zebrafish line (Balik-Meisner et al., 
2018). 


22.3.2. USING XENOPUS TO STUDY THE IMPACT OF GENETIC 
VARIATION ON DEVELOPMENT AND DISEASE 
22.3.2.1. Most Xenopus Laboratory Populations 


Are Genetically Diverse 


Genetically diverse, outbred Xenopus populations have 
been the traditional source of a rich history of biomedical 
research. Their genetic diversity derives from three pri- 
mary factors: outbred commercial stocks, random matings 
to obtain experimental offspring, and design strategies to 
increase diversity within an experimental group. 

Most laboratories using Xenopus do not establish their 
breeding colony by growing up the embryos produced 
by the colony. Instead, they house colonies of up to sev- 
eral hundred sexually mature individuals purchased from 
commercial frog breeders, such as Xenopus 1, Xenopus 


Xenopus 


Express, and Nasco. These commercial suppliers maintain 
large populations of outbred adults that are sold to research 
laboratories. Xenopus 1 maintains both a wild-caught and 
a closed laboratory-bred colony, which are housed in sepa- 
rate facilities. For their laboratory-bred population, which 
numbers approximately 20,000 including tadpoles, they 
introduce about 1000 embryos from the wild-caught colony 
every two to three years. These embryos are grown and bred 
into the existing laboratory-bred colony to maintain genetic 
diversity. Their wild-caught colony is a steady-state popu- 
lation of about 4500 adults replenished with five imports 
from Chile per year; Xenopus were apparently introduced 
into Chile in the 1950s (R. Weymouth, Xenopus 1, per- 
sonal communication). The Nasco laboratory-bred colony 
consisted of about 30,000 adults that were derived from 
wild-caught founding adults imported from South Africa 
between the early 1970s and 1996 (D. Brattlie, Nasco, per- 
sonal communication). Although the Xenopus | and Nasco 
populations are “closed,” their enormous sizes minimize 
inbreeding and maximize genetic diversity. In both facili- 
ties, mating is random, producing laboratory-bred progeny 
that are sold to research laboratories as well as added to the 
breeding colony when they mature. Wild-caught animals 
can be purchased from Xenopus | and Xenopus Express. 
These animals are particularly favored by the research 
community that uses oocytes for expression studies and 
electrophysiology. Wild-caught animals are considered 
more robust and disease resistant due to growing up in a 
natural environment and are quarantined and tested for 
pathogens before sale. 

Typically, an individual laboratory maintains its breeding 
colony of commercial and/or stock center acquired-adults to 
produce offspring for experiments. Because the adults repro- 
duce for up to 15 years, the colony within a single laboratory 
often is composed of frogs that were purchased over many 
years from more than one source. Accordingly, the adult 
frogs in a given laboratory breeding colony are expected to 
be unrelated and to display a high degree of genetic diver- 
sity, as shown by extensive EST and cDNA sequencing 
(Blackshear et al., 2001; Fierro et al., 2007; Gilchrist et al., 
2004; Gilchrist and Pollet, 2012; Hellsten et al., 2007; Klein 
et al., 2006). Even the comparison of RNAseq and genome 
data between the inbred J and B strains revealed a degree of 
sequence variation that resembled the situation determined 
from comparing human genomes (Savova et al., 2017). Since 
the typical commercial and laboratory breeding schemes 
maintain a high level of genetic diversity in the offspring, 
Xenopus has been proposed to be an ideal model to study 
the functional relevance of specific gene variants (Savova 
et al., 2017). 

The most common practices for generating offspring also 
add genetic diversity to individual experiments. Typically, 
embryos are produced by either natural mating of randomly 
selected male and female pairs or by artificial insemination 
using the sperm of one randomly selected male to fertil- 
ize eggs from several randomly selected females. Because 
embryos from different clutches might respond differently 
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to treatments (Figure 22.1A), in a “typical” experiment, 
embryos from different clutches are combined (clutch mix- 
ing) to make up one biological replicate of the experiment 
(Figure 22.1B). This experimental design “averages” dif- 
ferences between clutches due to genetic polymorphisms, 
minimizing differences between replicates and focusing on 
the experimental manipulation. However, since Xenopus 
females can lay thousands of eggs in one day, making it pos- 
sible to reach a statistically acceptable experimental sample 
size from a single cross, an alternative approach is to obtain 
each experimental replicate from a single, isolated clutch 
(Figure 22.1C). In this approach, genetic polymorphisms 
can be identified that play an important role in responsive- 
ness to experimental treatments (Figure 22.1A). Although 


A Clutch 


Clutch Mixing 


2 


3 
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the polymorphisms might hinder the efficacy of knock-down 
approaches due to sequence variation in binding sites for 
antisense oligonucleotides or CRISPR-Cas9 guide RNAs, it 
can be an asset to study how genetic variability contributes 
to human disease. 


22.3.2.2. The Unique Ability to Make 


Clutch Comparisons 


Can the variable results of a manipulation across clutches 
that are genetically divergent be similar to studying human 
populations? We first noticed significant clutch differences 
by analyzing the size distribution of Xenopus laevis embryos 
(Leibovich et al., 2020). Analysis of over 2200 embryos 
from 33 different females revealed that each female lays 
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FIGURE 22.1 Clutch variability and experimental design in Xenopus. (A) Schematic representation of the experimental outcome of 
genetic variation between Xenopus clutches. (B, C) Approaches to the experimental design of biological replicates by mixing (B) or 
keeping clutches separate (C). 
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FIGURE 22.2 Natural size polymorphism associated with genetic variation in Xenopus laevis. (A) Distribution of embryo size between 
33 embryo clutches. Diameters were measured before the onset of gastrulation. For each clutch on the scatter dot plot the mean and the 
SEM is shown. (B) Individual plotting of the five embryo clutches comprising five biological replicates. Embryos were measured at 
early tailbud stage (st. 30). The length change was calculated by comparing each clutch to the overall average length of all five clutches 
together. For each clutch, a boxplot of the interquartile range and the median diameter for the clutch is shown. Whiskers mark the range 


from the 10th to the 90th percentile for each clutch. 
Note: ****, p < 0.0001; **, p < 0.01; *, p < 0.05; ns, not significant. 


eggs within a restricted size range (Figure 22.2A). There 
also was a size-dependent effect on the RNA content of the 
embryos, quantitative and spatial adaptation of gene expres- 
sion patterns, the size of tissues generated, and even the 
pattern of cell division. Because many of the clutches were 
generated in parallel and multiple embryos were analyzed 
from each clutch, we ruled out technical issues as the source 


of the variability and proposed that genetic polymorphisms 
might be responsible for these differences between clutches 
(Leibovich et al., 2020). 

The outbred composition of most laboratory colonies 
raises the possibility that when a disease model is estab- 
lished in Xenopus, the effects of genetic polymorphisms 
on the severity and penetrance can be effectively explored 
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using the “isolated” clutch approach (Figure 22.1C). For 
example, we used this approach to analyze the induction 
of fetal growth restriction (FGR) resulting from ethanol 
exposure or inhibition of RA biosynthesis (Shukrun et 
al., 2019). FGR is the Xenopus equivalent of intrauterine 
growth restriction (IUGR), commonly observed in human 
fetuses (Cox and Marton, 2009; Gurugubelli Krishna and 
Vishnu Bhat, 2018). IUGR can be subdivided into two 
types: asymmetric, in which only the trunk displays growth 
restriction, or symmetric, in which both the trunk and the 
head are restricted (Cox and Marton, 2009). Analysis of 
multiple isolated clutches revealed that some exhibited 
asymmetric and others symmetric FGR, recapitulating the 
human disease in Xenopus embryos (Shukrun et al., 2019). 
IUGR, sometimes also called small for gestational age 
(SGA), is defined as fetuses failing to reach their growth 
potential during embryogenesis (Mandruzzato et al., 2008; 
Visser et al., 2014). Extreme IUGR cases can lead to dis- 
ease and even lethality (Bukowski, 2010; Gascoin and 
Flamant, 2013; Mandruzzato et al., 2008). Similarly, analy- 
sis of the length of larvae generated from multiple isolated 
clutches revealed a statistically significant dependence on 
their maternal origin (Figure 22.2B), and the natural size 
variability observed in Xenopus embryos paralleled the 
size variability described for human fetuses (Imdad et al., 
2011; Sharma et al., 2016). This use of the isolated clutch 
approach is likely to continue to contribute to understand- 
ing the induction of IUGR and the genetic contribution 
to this defect (Sharma et al., 2017). This example dem- 
onstrates the usefulness of the outbred nature of Xenopus 
frogs to explore the genetic impact in important human 
health conditions. 


22.3.2.3. Exploiting the Genetic Variability of 


Xenopus for Disease Modeling 

The Xenopus laevis genome provides an additional level 
of genetic variation that can be exploited to further under- 
stand and model disease-causing genetic polymorphisms in 
humans. Xenopus laevis arose around 17-18 million years 
ago as an allotetraploid hybrid that carries distinct chromo- 
somes derived from the two original species (Session et al., 
2016). Of the original gene pairs, one copy has been lost 
in about 43% of protein-coding genes; the surviving single- 
tons behave as in a diploid species. However, the remaining 
protein-coding genes are present as homoeologue pairs with 
different levels of subfunctionalization as a result of evolu- 
tion (Hellsten et al., 2007; Session et al., 2016). While some 
homoeologue pairs overlap extensively in expression pat- 
tern and level, sharing conserved protein product functions 
(Kondo et al., 2017; Tour et al., 2001; Watanabe et al., 2017), 
in other homoeologue pairs, these features have diverged, 
often as the result of mutations in a regulatory element, sim- 
ilar to congenital-defect-causing mutations (Kondo et al., 
2017; Ochi et al., 2017a, 2017b; Watanabe et al., 2017). Can 
we take advantage of the “enhanced” genetic diversification 
of homoeologues to identify changes that resemble disease 
conditions in humans? 
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Xenopus genetic variability can also provide insights into 
the variability of human responses to environmental factors 
and therapies. High-throughput chemical screens have been 
performed to study the toxicity of environmental toxins and 
drugs, as well as to identify small inhibitory molecules that 
target specific proteins or processes for functional studies 
and drug discovery (Blay et al., 2020; Tomlinson et al., 2012). 
Several chemical screens have been performed in Xenopus 
to study signaling pathway components, angiogenesis, and 
lymphangiogenesis (Kálin et al., 2009; Peterson et al., 
2006). Taking advantage of the natural genetic variation in 
Xenopus laboratory colonies and the isolated clutch experi- 
mental design, variants exhibiting enhanced sensitivity or 
resistance to a specific small molecule can be identified. 
These variants then can be compared to the polymorphisms 
known in the homologous human protein to further inform 
drug screening, development, and medical treatments. 

The Xenopus oocyte also serves as an in vivo “test-tube” 
to express proteins and analyze their function during normal 
or disease conditions (see Chapter 9). The large size of the 
oocyte and its efficiency in translating exogenous, injected 
mRNAs have made it an exemplary experimental system 
in which to study secreted and membrane-bound proteins, 
including channels and transporters (Marchant, 2018; 
Mowry, 2020). Also, cellular processes, developmental 
mechanisms, physiological events, molecular biology, viral 
infection, and drug discovery have been studied in Xenopus 
oocytes (Au et al., 2010; Lin-Moshier and Marchant, 2013; 
Zeng et al., 2020). These studies have been expanded to 
include proteins involved in abnormal physiological pro- 
cesses and neuropathological conditions (Baker et al., 2020; 
Meyer et al., 2020; Nashimoto et al., 2020; Singh et al., 
2020). Importantly, injecting mRNA-encoding human pro- 
teins opens the possibility to directly study the effect of 
genetic polymorphisms on protein function. Studies using 
this approach have analyzed the effect of protein variants 
on cholesterol transport, GABAp receptor function, and 
Na/K pump function and on individuals suffering from 
Bartter Syndrome type 3 (Baker et al., 2020; Meyer et al., 
2020; Nashimoto et al., 2020; Seys et al., 2017). Xenopus 
oocytes also were utilized to transplant membranes from 
Alzheimer’s patients to study their neuropathology and how 
they differ (Singh et al., 2020). 

RNAs encoding human protein variants can also be 
injected into Xenopus embryos with the advantage that spe- 
cific tissues or organs can be targeted. For example, embryos 
have been employed to study the role of RAD21 variants 
in the induction of sclerocornea (Zhang et al., 2019) and 
the effects of SIX1 variants on craniofacial development 
(Shah et al., 2020; Mehdizadeh et al., 2021). We recently 
used this approach to identify polymorphisms in ALDH1a2 
(RADLH2) that affect the level of enzymatic activity (Shabtai 
et al., 2016). Analysis of embryos during late blastula, before 
endogenous RA signaling begins, allows analysis of the 
injected enzymatic activity with minimal endogenous back- 
ground, whereas analysis during gastrula stages explores the 
interaction of the human variants with the frog network 
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components. This experimental design can be further 
manipulated by partially removing endogenous components 
to simplify the analysis using CRISPR/Cas9 or morpholino 
antisense oligonucleotides (Blum et al., 2015; Tandon et al., 
2017). These have already demonstrated the usefulness of 
Xenopus embryos and oocytes to explore the contribution 
of genetic polymorphisms to human disease and the spec- 
trum of severities encountered among patients. 


22.4. FUTURE OUTLOOK 


It is well established that different human ethnic groups 
display differential disease susceptibility and variable 
responses to environmental factors and medical therapies. 
Likewise, mutations in a given gene produce highly variable 
dysmorphologies in several congenital syndromes. A signifi- 
cant factor in these differential responses is the underlying 
genetic diversity of the population. Inbred lines of various 
animal experimental models have been an invaluable tool for 
examining the specific role of single genes in development, 
cell biology, and physiology; they also are commonly used 
to explore medical treatments and drug responses. However, 
the variable responses common in human populations may 
not be observed in a given inbred line because it has a fixed 
set of polymorphisms. Accordingly, these responses are best 
examined in animal models that remain outbred and con- 
tinue to be genetically polymorphic. We posit that an ideal 
animal model for these studies is Xenopus. Although inbred 
Xenopus lines are being used for specialized purposes, out- 
bred Xenopus remains one of the common research models 
and offers many experimental advantages to establish dis- 
ease models and study the effects of genetic variability. 
These advantages enable outbred Xenopus to elucidate the 
important relationship between genetic variation and disease 
and provide disease models to study possible treatments. 
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23.1. INTRODUCTION and new reprogramming techniques being developed using 


Every multicellular organism possesses a variety of cells 
of different types. Differentiated cells are extremely 
stable and, once defined, do not ordinarily change their 
fate. We now know that differentiation of cells takes place 
through distinct transcription patterns and is maintained 
with the help of epigenetic modifications and chromatin 
structure, even though the exact mechanistic details are 
still not fully understood. It has been shown using dif- 
ferent techniques that the nucleus of a differentiated cell 
can be reverted to a state mimicking that of an undif- 
ferentiated, totipotent cell, which can itself develop into 
an entire organism, a process commonly referred to as 
“nuclear reprogramming.” 

One method that achieves reprogramming of nuclei is a 
technique called somatic cell nuclear transfer (SCNT), in 
which a somatic nucleus is transplanted into the enucleated 
egg of an organism. The early attempts at SCNT were per- 
formed on amphibians, and much of the seminal work that 
proved for the first time that nuclear reprogramming to toti- 
potency is possible in differentiated somatic nuclei was done 
on Xenopus laevis. The use of Xenopus in developmental 
biology, although fortuitous, is tremendously advantageous. 
The early accomplishments seen using this model organism 
eventually led to successful cloning in mammalian systems 
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in vitro models. The clinical applications of nuclear repro- 
gramming and cellular plasticity are many, including thera- 
peutical cloning, cell replacement therapies, and modeling 
of human diseases in vitro. The establishment of nuclear 
reprogramming in more advanced model systems has 
allowed this technology to make its way into clinical tri- 
als. The relevance of nuclear reprogramming studies using 
Xenopus as a model system was recognized in 2012, when 
the Nobel Prize in Physiology or Medicine was awarded to 
Sir John B. Gurdon, together with Shinya Yamanaka, for 
their discovery that mature cells can be reprogrammed to 
become pluripotent. 


23.2. INCEPTION OF NUCLEAR 


REPROGRAMMING 


Do all cell types house the same set of genes? 


The totipotent zygote divides and differentiates into a num- 
ber of different cell types to give rise to a live, fully devel- 
oped organism. Differentiated cells rarely, if ever, reverse 
or change their state of terminal differentiation. This begs 
the question—do all cell types house the same set of genes? 
The question of how cell differentiation is established and 
maintained paved the way to the cell fate reprogramming 
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field. In 1893, Weismann put forth the germ-plasm hypoth- 
esis, in which he suggested that as development proceeds, 
genetic determinants are segregated into cells based on 
their type. It was quite intuitively supposed that genes that 
are not required for the intended fate of the cell are either 
permanently deactivated or, more likely, disposed of. An 
experiment in which the totipotent nucleus of the zygote is 
replaced by a differentiated, somatic nucleus was consid- 
ered a definitive approach to solving this question, because 
proper development of the transplanted embryo would con- 
firm that the genetic material remains intact and that dif- 
ferentiation does not irreversibly affect the plasticity of the 
nucleus. 


23.2.1. Early SCNT ExPERIMENTS ESTABLISH 


THE REPROGRAMMING FIELD 


Between 1952 and 1957, Briggs and King revisited this 
crucial biological question and performed nuclear transfer 
(NT) experiments using the frog Rana pipiens as a model 
system. They introduced a blastula nucleus into an enucle- 
ated egg and obtained normal, living tadpoles (Briggs and 
King, 1952). This demonstrated that, at least until the blas- 
tula stage, the derived nuclei were able to support normal 
development and could give rise to complete organisms. 
Following this experiment, Briggs and King attempted to 
introduce nuclei of further differentiated endoderm cells 
into enucleated Rana pipiens eggs. The embryos resulting 
from this NT experiment did not survive, due to which they 
concluded that the ability of a nucleus to support normal 
development either decreases with, or is permanently dis- 
continued at some point during their own differentiation. 
However, the curiosity of many scientists was not satisfied 
by these results, and one group in particular decided to 
tackle this problem once more. 

John Gurdon began his Ph.D. in 1956 in the lab of Michail 
Fischberg with the same question in mind: Do all cell types 
have the same set of genes? For this, it was crucial to pick 
up where Briggs and King left off—with a repetition of the 
SCNT experiment. Gurdon performed a series of NTs using 
donor nuclei isolated from successive developmental stages of 
Xenopus laevis. The donor nuclei were derived from the endo- 
derm, taken either from the vegetal cell mass at blastula or 
gastrula stages or the floor of gut-lumen in hatched tadpoles. 
He showed that, contrary to the earlier results obtained by 
Briggs and King, donor nuclei from more advanced stages of 
development can also support normal growth via NT (Gurdon, 
1962). In fact, the organisms resulting from similar experi- 
ments most strikingly developed into sexually mature adults 
that could produce normally developing embryos themselves 
(Gurdon and Uehlinger, 1966). 

The discrepancy between these findings and those of the 
widely respected and recognized scientists Briggs and King 
led to a certain amount of incredulity among the scientific 
population. However, there were certain noteworthy differ- 
ences between the two studies. First, choosing the optimal 
model organism is extremely important. The use of Rana 
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pipiens brings with it a number of technical disadvantages, 
one of which is its seasonal reproductive cycle. Xenopus 
laevis can be induced to lay eggs at any point of the year 
using mammalian hormones such as gonadotropic hormone. 
Furthermore, Xenopus has high disease resistance, and the 
growth of Xenopus laevis to sexual maturity occurs frequently 
in laboratory conditions and within one year. Second, a key 
difficulty of NT experiments at the time was the inability to 
safely penetrate the protective jelly surrounding eggs, which 
was necessary for enucleation. Gurdon used UV irradiation 
to destroy the chromosomes inside the egg, also making the 
egg jelly more penetrable in the process for microinjection 
during NT. Third, experimental outcomes were corrected 
for variations caused by technical damage to the oocyte dur- 
ing the NT procedure and for varying egg quality. This left 
innate properties of the donor nuclei as the only significant 
variable that might hinder efficiency of reprogramming in 
NT experiments (Gurdon, 1960). The fourth reason, which 
ultimately ensured the irrefutability of the study, was the use 
of marked donor nuclei. Nuclei obtained from a single-nucle- 
olus strain of Xenopus were used as donors for NT, and the 
resulting successively transferred embryos were easily dis- 
tinguishable from wild-type 2-nucleolated strains (Elsdale et 
al., 1960). This marker was crucial to validate Gurdon’s NT 
experiments against all doubt. 

The most puzzling outcome of these experiments was 
that the efficiency of survival and appropriate development 
of the NT embryo decreased with an increase in the differ- 
entiation state of their respective donor nuclei. For example, 
the efficiency of NT from a donor of an early developmen- 
tal stage, that is, the blastula stage, was rather high (60% 
of cleaving NT-embryos), whereas the efficiency of NT 
from a donor of highly differentiated state was extremely 
low (-1-2% of cleaving NT-embryos) (Gurdon, 1962). This 
observation pointed to an existing resistance of cells to 
reprogramming that becomes more prominent with differ- 
entiation. This can now be considered one of the earliest 
experimental indicators of epigenetics—that a separate reg- 
ulatory mechanism might exist on top of DNA sequence to 
specifically supervise the expression of the genome based 
on its cell type. The implications of this finding for the 
mechanism’s underlying cell-fate stability and reprogram- 
ming resistance will be discussed in the following sections. 
Regardless, his work answered a long-standing open ques- 
tion in developmental biology—it showed that genes unnec- 
essary for the intended cell type are not lost or irreversibly 
inactivated through the course of cellular differentiation. 
In fact, differentiated nuclei retain the complete genome 
throughout development, including the genes important for 
forming functional germ cells, as evident from the fertile 
frogs resulting from NT (Gurdon and Uehlinger, 1966). 
Importantly, this new possibility of reprogramming the 
nucleus of a cell to totipotency or even a different cell fate 
has major implications for the field of regenerative medi- 
cine. It suggests that, in theory, any cell of our bodies can 
be changed to any other type to replace damaged or irre- 
versibly lost cells. 


Using Xenopus to Understand Pluripotency 


23.2.2. NUCLEAR REPROGRAMMING USING XENOPUS 


LAEVIS Oocytes, EGGS, AND EGG EXTRACTS 


In amphibians, eggs develop from germ cells called oocytes, 
which harbor a nucleus called a germinal vesicle (GV). The 
GV is densely packed with components essential for devel- 
opment. Oocytes are arrested at prophase of meiosis I, and 
hormones such as progesterone induce their progression past 
meiosis I and into metaphase of meiosis II, at which they 
are stalled again. These cells are then ready for fertiliza- 
tion—in mammals, this stage is termed the “MII oocyte”; in 
Xenopus, it is called the egg. All early SCNT experiments 
were performed at this second stage of arrest, as the clos- 
est means of mimicking natural fertilization, and hence this 
method is also termed “egg-NT.” In an egg-NT experiment 
(Figure 23.1), microinjection of the somatic nucleus causes 
activation of the egg, which, like in fertilized embryos, is 
then followed by several rapid, transcriptionally quiescent 
cell divisions that are accompanied with DNA replica- 
tion until the zygotic genome is ultimately activated. In an 
optimal NT experiment, cell-type specific gene expression 
patterns are established and the cell types are correctly 
formed, allowing the embryo to further develop success- 
fully. Xenopus egg-NT as an experimental system provides 
several advantages, as it represents a unique model to study 
successful reprogramming but also to investigate why repro- 
gramming so often fails due to unsuccessful erasure of the 
previous somatic cell identity. For example, it can help to 
identify the barriers present in somatic cells that confer 
cellular memory of its differentiated state and that prevent 
reprogramming. It can help to reveal the propagation mech- 
anisms of cellular memory and the associated chromatin 
factors from the differentiated donor nucleus to all cells of 
the NT embryo throughout several cell divisions, indepen- 
dently of transcription. Furthermore, it offers the advantage 
that reprogramming efficiencies can be directly measured 
by monitoring the establishment of cell-type-specific tran- 
scriptional networks and the formation of functional cell 
types in the developing NT embryo. However, the rapid early 
cleavage cycles contrast with the typical slow division rate 
of the somatic nucleus, and this transition can take a toll on 
the nucleus, exposing the genome to chromosomal damage. 
Thus, despite its many advantages, this can make it more 
challenging to use this method for studying the alterations in 
transcription throughout the reprogramming procedure and 
the chromatin modifications driving resistance. 

The oocyte GV, when arrested in prophase I, does not 
undergo cell division or DNA replication and can be a 
highly transcriptionally active region. It acts as a reserve 
for the generation and accumulation of large numbers of 
maternal transcripts that will drive early development of the 
embryo after fertilization. Due to this quality, it also serves 
as a prime opportunity for the study of nuclear reprogram- 
ming. The transplantation of donor nuclei directly into the 
GV of an amphibian oocyte—a method also called “oocyte- 
NT” (Figure 23.1)—induces rapid de-differentiation of 
the somatic nuclei along with reactivation and increased 
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expression of previously repressed genes and pluripotency 
genes (Halley-Stott et al., 2010; Pasque et al., 2011). Several 
hundred donor nuclei can be transplanted at a time into the 
GV of a single oocyte. The high number of transcripts result- 
ing from this technique facilitates both the analysis of gene 
expression trends during reprogramming and the resistance 
that the donor nuclei experience by means of epigenetic 
modifications. Although this technique generates oocytes 
arrested in meiotic prophase I and cannot produce embryos 
that support normal growth through specification of cell lin- 
eages, it is a useful system for studying reprogramming in 
a purely transcriptional context. Xenopus oocytes also have 
the handy ability to specifically transcribe nuclei from dif- 
ferent species, due to which it is possible to transfer mamma- 
lian or cultured donor cells and study transcription distinctly 
induced by reprogramming without the noise of endogenous 
maternal transcripts (De Robertis and Gurdon, 1977). 

In addition to the use of oocytes as NT recipients to study 
nuclear reprogramming in vitro, the use of Xenopus egg 
extracts and oocyte extracts has also proved surprisingly 
beneficial (Hansis et al., 2004). Initially used to study the 
fertilization process more closely (Lokha and Masui, 1983), 
the use of this cell-free system has since been adapted as 
an excellent tool to mimic the reprogramming environ- 
ment. Cultured cells display striking reprogramming activ- 
ity when introduced to metaphasic Xenopus egg extracts, 
including alterations in their replicative nature, epigenetic 
signature, and chromatin organization (Figure 23.1; Ganier 
et al., 2011). This occurs initially in the absence of transcrip- 
tion, which is mostly inhibited in eggs and embryos until 
zygotic genome activation at mid-blastula transition. It has 
been shown that transient exposure of donor nuclei to egg 
extracts followed by typical NT to an enucleated egg primes 
them for significantly more efficient reprogramming (Ganier 
et al., 2011). Similar experiments have been carried out on 
oocyte extracts, and this cell-free system has also been 
developed for use in mammals (Miyamoto et al., 2009). The 
ability to easily manipulate the composition of egg extracts 
through biochemical methods and the ease with which the 
resulting effects can be analyzed and transferred to an in 
vivo setting make the use of egg extracts for reprogramming 
invaluable. 


23.3. NUCLEAR REPROGRAMMING TAKES A 
LEAP FROM FROG TO MAMMALS AND 
CLINICAL APPLICATION 


23.3.1. MAMMALIAN NUCLEAR TRANSFER AND 


GENERATION OF PLURIPOTENT STEM CELL LINES 


It took a little over three decades for the early results in 
Xenopus to be reproduced in mammals, but finally, the 
generation of the first clones in a number of different 
mammals succeeded: cloning of mouse embryos (Tsunoda 
et al., 1987; Wakayama et al., 1998), bovine embryos 
(Prather et al., 1987), sheep (Campbell et al., 1996; 
Wilmut et al., 1997), and pigs (Polejaeva et al., 2000). Not 
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transfer/egg-NT: Nucleus of a somatic cell is isolated and transferred to an enucleated egg; the formed zygote then can develop into a 
cloned organism. Transcription factor-mediated reprogramming: Cultured cells are induced to pluripotency by overexpression of indi- 
cated transcription factors. Cell fusion: Somatic cells are fused with embryonic stem cells. The embryonic components of the ES cell 
induce reprogramming of the differentiated cell. Extract treatment: Somatic cell nuclei are introduced to Xenopus egg extracts, which 
induce their reprogramming. Oocyte-NT: Multiple somatic cell nuclei are transplanted into the germinal vesicle (nucleus) of an oocyte. 
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too long before NT was proven possible on mammalian 
systems, another prominent study published for the first 
time the establishment of progressively growing cultures 
of pluripotent embryonic cells derived from mice (Evans 
and Kaufman, 1981). Another breakthrough followed 
almost two decades later, with the establishment of human 
embryonic stem cell lines (Thomson et al., 1998). These 
studies opened up the possibility of isolating embryonic 
cells from cloned embryos for clinical applications. In 
conjunction with one another, both these techniques can 
have far-reaching effects on therapeutical cloning and 
human disease modeling. 


23.3.2. Use OF ALTERNATIVE METHODS FOR 


NUCLEAR REPROGRAMMING 


As the popularity of the initial SCNT results grew, other 
techniques for reprogramming cells to pluripotency emerged 
(Figure 23.1). Reprogramming by cell fusion, for example, 
functions through the fusion of plasma membranes of an 
ES-cell with a differentiated cell type (Figure 23.1; Blau et al., 
1983). In the resulting fused cell, the differentiated nucleus 
is exposed to embryonic components of the ES cell, leading 
to expression of stem cell-specific genes, and is thus repro- 
grammed. The beginning of the 21st century witnessed another 
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formative step in the path to manipulation of pluripotency and 
cell fate reprogramming, with the generation of induced plu- 
ripotent stem cells (¡PSCs) (Takahashi and Yamanaka, 2006). 
In a strictly in vitro setting, the over-expression of a certain 
set of pioneer transcription factors can reprogram differenti- 
ated cells to an induced pluripotent state (Figure 23.1). iPS 
cells generated in this way are in many aspects functionally 
equivalent to ES cells. Due to its ease of implementation, the 
iPS procedure has advanced the journey towards cell replace- 
ment to a great extent. Nevertheless, the generation of iPSCs 
via transcription factor over-expression remains inefficient 
and stochastic. In addition, it is argued that the quality of 
ES-cells derived from NT-embryos is higher than of iPSCs, as 
measured by chromosomal abnormalities and differentiation 
potential (Matoba and Zhang, 2018). 

The early advances in nuclear reprogramming procedures 
were further complemented by the discovery of transdiffer- 
entiation—a technique that aims at reprogramming the cell 
from its inherent differentiated type directly to another dif- 
ferentiated cell type, all while surpassing the dedifferentia- 
tion process that is key in NT. For example, in one of the 
first transdifferentiation experiments, ectopic expression of 
the pioneer transcription factor MyoD by transfection of its 
cDNA into mouse fibroblasts converted the cells into myo- 
blasts (Davis et al., 1987). 

While the mechanisms of cell fate reprogramming may 
vary among these different techniques, what they all have in 
common is that differentiated cells subjected to these repro- 
gramming methods show resistance, and reprogramming 
efficiencies are low. In the past, using NT and Xenopus laevis 
as model system, key mechanisms of nuclear reprogramming 
were revealed, and initial insights into the mechanistic basis 
of resistance to reprogramming were gained. Importantly, 
the obtained results were confirmed in mammalian repro- 
gramming systems and hence significantly advanced the 
entire field of nuclear reprogramming, as summarized next. 


23.4. MOLECULAR INSIGHTS INTO THE 
PROCESS OF NUCLEAR REPROGRAMMING 
GAINED IN XENOPUS LAEVIS 


The last few decades of the 1900s witnessed a lag in the use 
of SCNT to study the resistance of differentiated cell types 
against reprogramming. Spanning amphibians to mammals, 
the efficiency of cloning was consistently low, and absence 
of the high-throughput technology available today limited 
further work on this problem. Developments in molecular 
cloning, refined tissue culture methods, and other molecular 
biology techniques were used hand in hand with the alter- 
native reprogramming technologies discussed previously. 
However, while these methods broadened the scope of the 
field, the issue of resistance against reprogramming in differ- 
entiated cells was universal, with little headway into the rea- 
sons causing this. Whether in vivo enucleated oocytes or in 
vitro egg extracts, there existed a pervading struggle between 
the reprogramming activities of the egg and the mechanisms 
maintaining stable cell fates of the differentiated nucleus—a 
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“battle for supremacy,” as termed by John Gurdon. In the 
21st century, the reprogramming field was revived with new 
vigor with the onset of genomic and proteomic techniques. 
The development of transcriptional profiling techniques, 
histone modification-specific proteomic tools, and, later, 
sequencing technology was key to driving the current era 
of the reprogramming field and led to important discoveries 
concerning resistance to reprogramming. 


23.4.1. REPROGRAMMING AND DNA REPLICATION 


One evident incongruity in the development of a NT embryo 
is the frequency of cell division of an adult cell versus that 
of the donor nucleus in SCNT experiments. Due to the rather 
quiescent cell division of an adult cell, the extremely rapid 
cell divisions enforced on the donor nucleus during NT may 
cause severe replication defects, limiting the probability of 
such a cell to give rise to a fully developed, fertile organ- 
ism. During SCNT, microinjection causes activation of the 
oocyte. As the egg divides 90 minutes after activation, the 
DNA synthesis within the transplanted nucleus—a process 
which normally requires approximately six hours in somatic 
cells—must be acquired within this time frame upon NT 
to the egg. This transition from slow to rapid DNA replica- 
tion can take a toll on the nucleus, causing DNA damage 
or a lag in DNA replication. Thus, occasionally, the entire 
replicating genome may move into only one of the dividing 
blastomeres, leading to a partially cleaved blastula. Previous 
attempts to increase reprogramming efficiency of adult cells 
using “serial nuclear transfers’”—NT is repeated using a par- 
tial or complete blastula cell nucleus derived from a develop- 
ing NT embryo—have proved substantially successful (King 
and Briggs, 1956; Gurdon et al., 1958; Laskey and Gurdon, 
1970). It is thought that a subsequent NT event provides the 
embryo a second opportunity to complete DNA replication, 
which allows it to develop much further. Studies in Xenopus 
egg extracts confirmed that differentiated erythrocyte nuclei 
indeed replicate inefficiently in interphase Xenopus egg 
extracts when compared to sperm nuclei, and this difference 
in replication efficiency decreases when differentiated nuclei 
are allowed to progress through mitosis first (Lemaitre et al., 
2005). Each additional round of mitosis furthers the capa- 
bility of differentiated nuclei to undergo DNA replication 
upon NT. Thus, remodeling of the chromatin, which occurs 
at each embryonic metaphase, may support reprogramming 
of replicon organization in NT embryos to an early embry- 
onic state and so permit successful development in some 
instances. However, some somatic nuclei, such as sperma- 
tid nuclei, show efficient reprogramming of replication ori- 
gins comparable to those of sperm nuclei (Teperek et al., 
2016). While sperm nuclei almost always support successful 
embryonic development, spermatids do not and show just as 
low developmental potential as other somatic nuclei when 
transplanted to eggs to generate NT embryos. In summary, 
this suggests that an adjustment of the replication machinery 
to an embryonic state is likely beneficial for nuclear repro- 
gramming and also that additional layers of resistance exist 
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on differentiated chromatin that further prevent complete 
cell-fate reprogramming to pluripotency. 


23.4.2. CHANGE OF GENE EXPRESSION PATTERNS 


DURING REPROGRAMMING 


Specific genes required during early development are 
typically repressed within the genome of a differenti- 
ated cell, whereas genes characteristic of the cell type are 
highly expressed. For reprogramming to be successful, 
it appears necessary that the gene expression pattern of 
the differentiated donor cell be fully changed to that of 
a pluripotent cell and further to that of a specialized cell 
in the developing embryo. Thus, when reprogramming 
fails, it was hypothesized that this could be the result of 
inefficient silencing of genes that were expressed in the 
differentiated donor cell, together with unsuccessful acti- 
vation of genes typically expressed in the reprogrammed 
cell type. 

Indeed, Xenopus cell lineages isolated from an NT-embryo 
continue to express genes that are strictly characteristic of 
the donor cell type and should not be active in these repro- 
grammed cell lineages (Hórmanseder et al., 2017). The first 
evidence for a failure in inactivating genes during repro- 
gramming was obtained when muscle nuclei were used as 
donor cells. Neurectoderm and endoderm lineages derived 
from roughly half of the resulting NT embryo continued 
to inappropriately express certain muscle genes (Ng and 
Gurdon, 2005). A serial NT study showed that the expres- 
sion of muscle genes persisted even in approximately 50% of 
the second-generation NT embryos, addressing the stability 
and potential transmission of the donor-like expression state 
(Ng and Gurdon, 2008). The transcriptional quiescence of 
Xenopus embryos for the first 12 divisions until ZGA sug- 
gests that the “memory” of the past active transcriptional 
state is transmitted through subsequent embryonic cell divi- 
sions, independently of ongoing gene expression and the 
signal that induced the state. However, the molecular basis 
that maintains this memory of past active states remains 
to be elucidated. Inefficient reactivation of certain pluripo- 
tency genes, such as Oct4 (PouS5f1), is observed in mouse 
NT-embryos (Matoba and Zhang, 2018). Interestingly, such 
decreased expression of pluripotency genes was found to be 
associated with a subsequent failure in embryonic develop- 
ment in mouse-derived SCNT-embryos (Boiani et al., 2002; 
Bortvin et al., 2003) and was later confirmed in human 
NT-embryos (Chung et al., 2015). Similar anomalous expres- 
sion patterns are observed in iPSCs in which differentiation 
bias exists towards the donor cell type used (Polo et al, 2010). 
This bias can be attenuated upon persistent cell divisions, 
suggesting only transient influence levied by the original cell 
type in iPSCs. It is, however, clear that persistence of active 
and inactive past transcriptional states points to conserved 
mechanisms that restrict reprogramming of these genes. 
There exists a conflict between persistence of the memory 
state and imposition of the reprogramming process. It has 
been observed that the factors present in the oocyte strongly 
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favor reprogramming, whereas the epigenetic state of the 
donor cell type contributes to the resistance against it. 


23.4.3. Oocyte FACTORS PROMOTE 
NUCLEAR REPROGRAMMING 


NT provides a unique experimental advantage to study the 
mechanisms of nuclear reprogramming with the hope to apply 
the obtained knowledge to improve reprogramming efficien- 
cies in other reprogramming systems. A majority of the tran- 
scriptional reprogramming that a somatic nucleus undergoes 
takes place within the first 48 hours of its transfer to an egg, 
as compared to the two to eight weeks required to generate an 
iPSC line. In particular, the transfer of multiple somatic nuclei 
to the GV of an oocyte produces a rapid transcriptional repro- 
gramming system of high quality as well as high efficiency. 
The introduction of somatic nuclei to GV of Xenopus 
oocytes or to egg/oocyte extracts immediately triggers a 
cascade of events within the system, enabling the process 
of transcriptional reprogramming (Figure 23.2). When dif- 
ferentiated nuclei are injected into Xenopus egg extracts, 
decondensation of the somatic chromatin is accompanied by 
certain modifications to histone marks typically associated 
with an open chromatin structure (such as H3K14 acetyla- 
tion) as well as the mobilization of the heterochromatin pro- 
teins HP1f and TIF1f (Trim28) from the nuclei (Tamada et 
al., 2006). Rapid exchange of somatic linker histones with 
oocyte linker histones occurs almost immediately post- 
transfer. The somatic linker histone H1 is replaced by the 
Xenopus oocyte-specific B4, which is bound on somatic 
chromatin within 24 hours post-transfer (Jullien et al., 
2010). In mammals, the orthologous linker histone is H1foo, 
which acts in a similar manner (Teranishi et al., 2004). This 
exchange is closely followed by the recruitment of the Pol 
II subunit—oocyte RPBI in its hypophosphorylated form. 
Within 48 hours post-transfer, the Pol IIA is phosphory- 
lated on the C-terminal domain (CTD) at Ser5 (for initiation 
of transcription) and Ser2 (for elongation of transcription) 
(Jullien et al., 2014). A genome-wide shift in transcription 
follows, in which genes responsible for transcription and 
development are upregulated, while those involved in signal- 
ing pathways (probably enriched according to the properties 
of the somatic cell) are downregulated. Here, the Xenopus 
orthologs of highly expressed genes in MEF-transplanted 
oocytes closely resemble the expression pattern of wild-type 
Xenopus oocytes, much more so than the expression pattern 
of mouse ESCs. Due to this, it is evident that NT to oocytes 
induces a shift from the somatic to oocyte cell type rather 
than the pluripotent stem cell pattern (Jullien et al., 2014). 
Besides the exchange of linker histones between the 
somatic nucleus and the oocyte GV, deposition of other 
histone factors is also affected. The recruitment of Pol HA 
coincides with a drop in somatic RBP1 as well as an increase 
in the deposition of oocyte histone H2B (Jullien et al., 2014). 
Histone chaperone HIRA-dependent deposition of oocyte- 
specific H3.3 occurs on transplanted somatic nuclear chro- 
matin within the first 24 hours (Jullien et al., 2012). ASFIA, 
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a histone variant highly enriched in MII stage oocytes that 
cooperates with histone chaperone HIRA, is also involved in 
acquisition of pluripotency in humans (Gonzalez-Muñoz et 
al., 2014). The macroH2A histone variant is replaced from 
somatic nuclei following NT (Chang et al., 2010; Pasque 
et al, 2011). This variant has been widely characterized as 
a repressive factor that hinders chromatin remodeling and 
binding of transcription factors by recruiting HDACs and 
interfering with the binding of the SWI/SNF remodeling 
complex (Angelov et al., 2003). Furthermore, the somatic 
TATA-binding protein (TBP) involved in the formation of 
the pre initiation complex of transcription is replaced by 
its oocyte counterpart (Jullien et al., 2014). The chromatin 
remodeler Brg! (Smarca4) helps to activate the expression of 
pluripotency factor Oct4 during NT of human somatic nuclei 
to Xenopus egg extracts (Hansis et al, 2004). Similarly, in 
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induction of pluripotency in mouse embryonic fibroblasts 
(MEFs), the chromatin remodeler Baf155 causes an increase 
in Oct4 expression (Singhal et al, 2010). 

Nuclear actin, which is commonly associated with sev- 
eral different remodeling complexes, undergoes polymeriza- 
tion upon SCNT. It has been shown that this polymerization 
is also essential for the reactivation of Oct4, with the help 
of the actin signaling protein Toca-1 (Fnbp11) and its down- 
stream target Wavel (Wasf1), both of which are enriched 
in the oocyte GV (Miyamoto et al., 2011; Miyamoto et al., 
2013). The ability of Wavel to interact with Ser2P Pol II 
helps to increase the efficiency of transcriptional reprogram- 
ming in Xenopus oocytes (Miyamoto et al., 2013). In this 
manner, the oocyte rapidly employs several mechanisms to 
promote reprogramming of the donor nucleus, irrespective 
of the cell type of origin. 
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FIGURE 23.2 Schematic model highlighting roles of oocyte factors in driving reprogramming of the somatic nucleus to the oocyte 
after nuclear transfer. Oocyte factors incorporated into the transplanted somatic nuclei (top), as well as chromatin factors that are 
removed from the somatic nuclei by oocyte components (bottom) during reprogramming, are highlighted. 
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23.4.4. DNA METHYLATION AS A BARRIER 
TO NUCLEAR REPROGRAMMING 


DNA methylation, specifically 5-methylcytosine (mC) meth- 
ylation, is a fairly stable epigenetic mark that is widely associ- 
ated with the repressive state of gene expression (Greenberg 
and Bourc’his, 2019). Nuclear reprogramming depends on the 
ability to activate expression of several stably repressed genes 
in the donor nucleus in order to attain totipotency. It has been 
shown using multiple reprogramming systems that the repres- 
sive nature of DNA methylation poses a roadblock to efficient 
transcriptional reprogramming and that DNA demethyl- 
ation is necessary for reprogramming somatic cell nuclei in 
Xenopus and in mammals (Simonsson and Gurdon, 2004; 
Mikkelsen et al., 2008). Aberrant erasure of DNA methyla- 
tion marks in the donor nucleus causes inefficient cloning and 
may also lead to anomalies in development, as demonstrated 
in mammalian systems, including mouse and bovine embryos 
(Dean et al., 2001; Kang et al., 2001). Similar incomplete 
DNA methylation reversal has been reported in human iPSCs 
(Lister et al., 2011), showing that DNA methylation is a defi- 
nite cause of resistance to reprogramming, regardless of the 
approach. However, the dependence of DNA demethylation 
during successful reprogramming in the Xenopus system 
remains to be fully elucidated. 


23.4.5. HISTONE MODIFICATIONS AND RESISTANCE 


TO NUCLEAR REPROGRAMMING 


Chromatin organization and the epigenetic signature of the 
donor nucleus contribute to the resistance against reprogram- 
ming. Histone modifications affect both, contribute to main- 
tenance of cellular identity, and can influence the ability of 
genes to be successfully reprogrammed (Kouzarides, 2007). 
Several studies have been conducted on the role of repres- 
sive histone marks as reprogramming barriers in Xenopus. In 
mouse SCNT-embryos, these barriers are thought to prevent 
early developmental genes from being reprogrammed into 
active expression. The histone marks H3K27me3, H3K9me3, 
and H2AK119 monoubiquitylation and the histone vari- 
ant macro H2A, for example, are often associated with 
gene repression. In Xenopus and in mammals, H3K9me3 is 
enriched in reprogramming-resistant regions, and removal 
of this mark using either ectopic expression of its specific 
demethylase Kdm4d or knock-down of the H3K9 methyl- 
transferase Suv39h in Xenopus and mouse NT experiments 
has been shown to be promising for reprogramming (Jullien 
et al., 2017; Matoba et al., 2014; Liu et al., 2016). H3K27me3 
is enriched at genes important for embryonic develop- 
ment and also acts as an epigenetic barrier to reprogram- 
ming (Zhang et al., 2009; Jullien et al., 2017) in Xenopus 
and in mouse. Overexpression of the H3K27 demethylase 
KDMG6A improved overall transcriptional reprogramming 
in Xenopus and mouse, as well as the developmental poten- 
tial of mouse NT embryos. (Jullien et al., 2017; Zhou et al., 
2019). H2AK119 monoubiquitylation is a repressive mark 


Xenopus 


that confers reprogramming resistance (Jullien et al., 2017), 
as its removal via USP21 overexpression improved transcrip- 
tional reprogramming efficiencies in Xenopus oocyte NT. 
The histone variant macroH2A is involved in the stability 
of repressed states during Xenopus oocyte-NT, as seen by its 
role in resisting the reversal of X chromosome inactivation in 
mouse donor cells (Pasque et al., 2011). A role of macroH2A 
as reprogramming barrier was confirmed in the iPSC repro- 
gramming system (Pasque et al., 2012). 

However, aberrant gene expression patterns in the NT 
embryo cannot be exclusively attributed to repressive modifi- 
cations resisting reprogramming—they may be also due to the 
transmission of active gene states. Intriguingly, the low effi- 
ciency of cell-fate reprogramming Xenopus NT embryos has 
been linked to the retention of donor cell type-specific mem- 
ory of an active chromatin state stabilized by histone 3 lysine 
4 (H3K4) methylation. The number of genes with persisting 
active and inactive gene states in Xenopus embryos is sur- 
prisingly similar (Hórmanseder et al., 2017). The genes resis- 
tant to reprogramming that are thus inappropriately active 
are implicated in functions related to the donor cell type, 
such as cell type-specific transcription factors, and showed 
increased H3K4me3 intensities and domain breadth when 
compared to genes that were properly reprogrammed, that 
is, downregulated (Hórmanseder et al., 2017). When nuclei 
with experimentally reduced H3K4 methylation were used 
to generate NT-embryos, a reduction of ON-memory and an 
improvement of cell-fate conversion was observed. This phe- 
nomenon was found to be conserved in mouse NT-embryos 
(Hórmanseder et al., 2017; Liu et al., 2016). These studies 
suggest that H3K4me3 stabilizes donor cell-fate memory in 
Xenopus NT-embryos and that active histone marks could 
contribute, in combination with repressive histone marks, to 
the epigenetic mechanisms of cellular memory. 

The previously described chromatin modifications are 
largely observed in resistant genes regardless of the means 
of reprogramming—oocyte-NT, egg-NT, iPS, and cell 
fusion alike, suggesting similar mechanisms of epigenetic 
resistance (Jullien et al., 2017). Although it is well accepted 
that silent chromatin states characterized by modifications 
such as H3K9me3 contribute to cellular memory, it is still 
under debate whether active histone marks like H3K4me3 
also have the potential for this (Stewart-Morgan et al., 2020) 
and whether other active histone marks impose barriers to 
successful nuclear reprogramming. Furthermore, it is not 
well understood how the different chromatin marks interact 
with each other, potentially in combination with transcrip- 
tion factors, to safeguard cellular identities and to prevent 
efficient nuclear reprogramming. 


23.5. CONCLUSION AND FUTURE PERSPECTIVES 


The search for an answer to the fundamental question of 
whether all cells in an organism have an identical set of genes 
opened the door to the untapped field of nuclear reprogram- 
ming. This field holds endless possibilities and immense 
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potential for therapeutical use. During the 70 years since the 
first NT experiments, we have uncovered a vast reserve of 
knowledge that has aided the development of reprogramming 
technology. SCNT can be applied to agriculture, namely to 
aid in the preservation of endangered species. In hand with 
the recently lauded gene-editing technology CRISPR, SCNT 
can enable the production of cloned organisms with useful 
traits such as disease resistance. Development of SCNT has 
led to the ability to generate patient-derived NT embryonic 
cells (ntESCs). The isogeneity of ntESCs eliminates the pos- 
sibility of immune rejection, marking an exciting feat in the 
therapeutic progress of this field (Tachibana et al., 2013). 
ntESCs could greatly aid in the development of cell replace- 
ment therapies and disease modeling. A decade after cloning 
the first mammal, we have been successful in cloning the first 
non-human primate (Liu et al., 2018). 

We have taken a significant leap from the initial in vivo 
SCNT experiments carried out on Xenopus embryos to the 
successful cloning of primates. SCNT has several advan- 
tages in comparison to other reprogramming techniques, 
the chief advantage being its rapidity and the high quality 
of stem cells that can be produced. However, there are still 
several roadblocks to reprogramming that limit its transla- 
tion into the clinic. Reprogramming efficiency continues to 
be low, which is the primary disadvantage in this technique, 
followed closely by the ethical and practical limitations 
that arise with theacquirement of human eggs. To improve 
efficiency, SCNT experiments into the Xenopus oocyte or 
using Xenopus oocyte/egg extracts continue to be extremely 
valuable model systems to study reprogramming factors and 
factors causing resistance. In addition, understanding the 
factors causing resistance of differentiated cells to nuclear 
reprogramming will also reveal important safeguarding 
mechanisms of cells, which help to maintain differentiated 
cell identities in healthy organisms and that are impaired in 
disease. The value of Xenopus as a model system for study- 
ing reprogramming continues to be noteworthy. 


REFERENCES 


Angelov, D., Molla, A., Perche, P.-Y., Hans, F., Cóté, J., Khochbin, 
S., Bouvet, P., & Dimitrov, S. (2003). The histone variant 
macroH2A interferes with transcription factor binding and 
SWI/SNF nucleosome remodeling. Molecular Cell, 11(4), 
1033-1041. https://doi.org/10.1016/51097-2765(03)00100-x 

Blau, H. M., Chiu, C.-P., & Webster, C.(1983). Cytoplasmic activation 
of human nuclear genes in stable heterocaryons. Cell, 32(4), 
1171-1180. https://doi.org/10.1016/0092-8674(83)90300-8 

Boiani, M., Eckardt, S., Schóler, H. R., & McLaughlin, K. J. (2002). 
Oct4 distribution and level in mouse clones: Consequences 
for pluripotency. Genes & Development, 16(10), 1209-1219. 
https://doi.org/10.1101/gad.966002 

Bortvin, A., Eggan, K., Skaletsky, H., Akutsu, H., Berry, D. L., 
Yanagimachi, R., Page, D. C., & Jaenisch, R. (2003). 
Incomplete reactivation of Oct4-related genes in mouse 
embryos cloned from somatic nuclei. Development, 130(8), 
1673-1680. https://doi.org/10.1242/dev.00366 

Briggs, R., & King, T. J. (1952). Transplantation of living nuclei 
from blastula cells into enucleated frogs’ eggs. Proceedings 


333 


of the National Academy of Sciences of the United States of 
America, 38(5), 455-463. 

Campbell, K. H., McWhir, J., Ritchie, W. A., & Wilmut, I. (1996). 
Sheep cloned by nuclear transfer from a cultured cell line. 
Nature, 380(6569), 64-66. https://doi.org/10.1038/380064a0 

Chang, C.-C., Gao, S., Sung, L.-Y., Corry, G. N., Ma, Y., Nagy, Z. 
P., Tian, X. C., & Rasmussen, T. P. (2010). Rapid elimination 
of the histone variant MacroH2A from somatic cell hetero- 
chromatin after nuclear transfer. Cellular Reprogramming, 
12(1), 43-53. https://doi.org/10.1089/cell.2009.0043 

Chung, Y. G., Matoba, S., Liu, Y., Eum, J. H., Lu, F., Jiang, W., Lee, 
J. E., Sepilian, V., Cha, K. Y., Lee, D. R., & Zhang, Y. (2015). 
Histone demethylase expression enhances human somatic 
cell nuclear transfer efficiency and promotes derivation 
of pluripotent stem cells. Cell Stem Cell, 17(6), 758-766. 
https://doi.org/10.1016/j.stem.2015.10.001 

Davis, R. L., Weintraub, H., & Lassar, A. B. (1987). 
Expression of a single transfected cDNA converts fibro- 
blasts to myoblasts. Cell, 51(6), 987-1000. https://doi. 
org/10.1016/0092-8674(87)90585-x 

Dean, W., Santos, F., Stojkovic, M., Zakhartchenko, V., Walter, J., 
Wolf, E., & Reik, W. (2001). Conservation of methylation 
reprogramming in mammalian development: Aberrant repro- 
gramming in cloned embryos. Proceedings of the National 
Academy of Sciences, 98(24), 13734-13738. https://doi. 
org/10.1073/pnas.241522698 

De Robertis, E. M. D., & Gurdon, J. B. (1977). Gene activation 
in somatic nuclei after injection into amphibian oocytes. 
Proceedings of the National Academy of Sciences, 74(6), 
2470-2474. https://doi.org/10.1073/pnas.74.6.2470 

Elsdale, T. R., Gurdon, J. B., & Fischberg, M. (1960). A descrip- 
tion of the technique for nuclear transplantation in Xenopus 
laevis. Development, 8(4), 437-444. 

Evans, M. J., & Kaufman, M. H. (1981). Establishment in culture of 
pluripotential cells from mouse embryos. Nature, 292(5819), 
154-156. https://doi.org/10.1038/292154a0 

Ganier, O., Bocquet, S., Peiffer, I., Brochard, V., Arnaud, P., Puy, 
A., Jouneau, A., Feil, R., Renard, J.-P., & Méchali, M. 
(2011). Synergic reprogramming of mammalian cells by 
combined exposure to mitotic Xenopus egg extracts and 
transcription factors. Proceedings of the National Academy 
of Sciences, 108(42), 17331-17336. https://doi.org/10.1073/ 
pnas.1100733108 

Gonzalez-Muñoz, E., Arboleda-Estudillo, Y., Otu, H. H., & 
Cibelli, J. B. (2014). Histone chaperone ASFIA is required 
for maintenance of pluripotency and cellular reprogram- 
ming. Science, 345(6198), 822-825. https://doi.org/10.1126/ 
science.1254745 

Greenberg, M., & Bourc'his, D. (2019). The diverse roles of DNA 
methylation in mammalian development and disease: Nature 
reviews. Molecular Cell Biology, 20(10), 590-607. https:// 
doi.org/10.1038/s41580-019-0159-6 

Gurdon, J. B. (1960). The developmental capacity of nuclei taken 
from differentiating endoderm cells of Xenopus laevis. Journal 
of Embryology and Experimental Morphology, 8, 505-526. 

Gurdon, J. B. (1962). The developmental capacity of nuclei 
taken from intestinal epithelium cells of feeding tadpoles. 
Development, 10(4), 622-640. 

Gurdon, J. B., Elsdale, T. R., & Fischberg, M. (1958). Sexually 
mature individuals of Xenopus laevis from the transplanta- 
tion of single somatic nuclei. Nature, 182(4627), 64-65. 
https://doi.org/10.1038/182064a0 

Gurdon, J. B., & Uehlinger, V. (1966). “Fertile” intestine nuclei. Nature, 
210(5042), 1240-1241. https://doi.org/10.1038/2101240a0 


334 


Halley-Stott, R. P., Pasque, V., Astrand, C., Miyamoto, K., Simeoni, 
I., Jullien, J., & Gurdon, J. B. (2010). Mammalian nuclear 
transplantation to germinal vesicle stage Xenopus oocytes: 
A method for quantitative transcriptional reprogramming. 
Methods (San Diego, Calif.), 51(1), 56-65. https://doi. 
org/10.1016/j.ymeth.2010.01.035 

Hansis, C., Barreto, G., Maltry, N., & Niehrs, C. (2004). Nuclear 
reprogramming of human somatic cells by Xenopus egg 
extract requires BRG1. Current Biology, 14(16), 1475-1480. 
https://doi.org/10.1016/j.cub.2004.08.03 1 

Hórmanseder, E., Simeone, A., Allen, G. E., Bradshaw, C. R., 
Figlmiiller, M., Gurdon, J., & Jullien, J. (2017). H3K4 
methylation-dependent memory of somatic cell identity 
inhibits reprogramming and development of nuclear trans- 
fer embryos. Cell Stem Cell, 21(1), 135-143.e6. https://doi. 
org/10.1016/j.stem.2017.03.003 

Jullien, J., Astrand, C., Halley-Stott, R. P., Garrett, N., & Gurdon, 
J. B. (2010). Characterization of somatic cell nuclear repro- 
gramming by oocytes in which a linker histone is required for 
pluripotency gene reactivation. Proceedings of the National 
Academy of Sciences of the United States of America, 107(12), 
5483-5488. https://doi.org/10.1073/pnas. 1000599 107 

Jullien, J., Astrand, C., Szenker, E., Garrett, N., Almouzni, G., & 
Gurdon, J. B. (2012). HIRA dependent H3.3 deposition is 
required for transcriptional reprogramming following nuclear 
transfer to Xenopus oocytes. Epigenetics & Chromatin, 5(1), 
17. https://doi.org/10.1186/1756-8935-5-17 

Jullien, J., Miyamoto, K., Pasque, V., Allen, G. E., Bradshaw, C. 
R., Garrett, N. J., Halley-Stott, R. P., Kimura, H., Ohsumi, 
K., & Gurdon, J. B. (2014). Hierarchical molecular events 
driven by oocyte-specific factors lead to rapid and extensive 
reprogramming. Molecular Cell, 55(4), 524-536. https://doi. 
org/10.1016/j.molcel.2014.06.024 

Jullien, J., Vodnala, M., Pasque, V., Oikawa, M., Miyamoto, K., 
Allen, G., David, S. A., Brochard, V., Wang, S., Bradshaw, 
C., Koseki, H., Sartorelli, V., Beaujean, N., & Gurdon, J. 
(2017). Gene resistance to transcriptional reprogramming 
following nuclear transfer is directly mediated by multiple 
chromatin-repressive pathways. Molecular Cell, 65(5), 873 
884.e8. https://doi.org/10.1016/j.molcel.2017.01.030 

Kang, Y.-K., Koo, D.-B., Park, J.-S., Choi, Y.-H., Chung, A.-S., 
Lee, K.-K., & Han, Y.-M. (2001). Aberrant methylation of 
donor genome in cloned bovine embryos. Nature Genetics, 
28(2), 173-177. https://doi.org/10.1038/88903 

King, T. J, & Briggs, R. (1956). Serial transplantation of 
embryonic nuclei. Cold Spring Harbor Symposia on 
Quantitative Biology, 21, 271-290. https://doi.org/10.1101/ 
sqb.1956.021.01.022 

Kouzarides, T. (2007). Chromatin modifications and their 
function. Cell, 128(4), 693-705. https://doi.org/10.1016/;. 
cell.2007.02.005 

Laskey, R. A., & Gurdon, J. B. (1970). Genetic content of adult 
somatic cells tested by nuclear transplantation from cul- 
tured cells. Nature, 228(5278), 1332-1334. https://doi. 
org/10.1038/2281332a0 

Lemaitre, J. M., Danis, E., Pasero, P., Vassetzky, Y., & Méchali, M. 
(2005). Mitotic remodeling of the replicon and chromosome 
structure. Cell, 123(5), 787-801. https://doi.org/10.1016/j. 
cell.2005.08.045 

Lister, R., Pelizzola, M., Kida, Y. S., Hawkins, R. D., Nery, J. R., 
Hon, G., Antosiewicz-Bourget, J., O’ Malley, R., Castanon, 
R., Klugman, S., Downes, M., Yu, R., Stewart, R., Ren, 
B., Thomson, J. A., Evans, R. M., & Ecker, J. R. (2011). 
Hotspots of aberrant epigenomic reprogramming in human 


Xenopus 


induced pluripotent stem cells. Nature, 471(7336), 68-73. 
https://doi.org/10.1038/nature09798 

Liu, W., Liu, X., Wang, C., Gao, Y., Gao, R., Kou, X., Zhao, Y., 
Li, J., Wu, Y., Xiu, W., Wang, S., Yin, J., Liu, W., Cai, T., 
Wang, H., Zhang, Y., & Gao, S. (2016). Identification of 
key factors conquering developmental arrest of somatic cell 
cloned embryos by combining embryo biopsy and single- 
cell sequencing. Cell Discovery, 2(1), 1-15. https://doi. 
org/10.1038/celldisc.2016.10 

Liu, Z., Cai, Y., Wang, Y., Nie, Y., Zhang, C., Xu, Y., Zhang, X., Lu, 
Y., Wang, Z., Poo, M., & Sun, Q. (2018). Cloning of macaque 
monkeys by somatic cell nuclear transfer. Cell, 172(4), 881— 
887.e7. https://doi.org/10.1016/j.cell.2018.01.020 

Lohka, M. J., & Masui, Y. (1983). Formation in vitro of sperm 
pronuclei and mitotic chromosomes induced by amphib- 
ian ooplasmic components. Science, 220(4598), 719-721. 
https://doi.org/10.1126/science.6601299 

Matoba, S., Liu, Y., Lu, F, Iwabuchi, K. A., Shen, L., Inoue, A., & 
Zhang, Y. (2014). Embryonic development following somatic 
cell nuclear transfer impeded by persisting histone methylation. 
Cell, 159(4), 884-895. https://doi.org/10.1016/j.cell.2014.09.055 

Matoba, S., & Zhang, Y. (2018). Somatic cell nuclear transfer repro- 
gramming: Mechanisms and applications. Cell Stem Cell, 
23(4), 471—485. https://doi.org/10.1016/j.stem.2018.06.018 

Mikkelsen, T. S., Hanna, J., Zhang, X., Ku, M., Wernig, M., 
Schorderet, P., Bernstein, B. E., Jaenisch, R., Lander, E. S., 
& Meissner, A. (2008). Dissecting direct reprogramming 
through integrative genomic analysis. Nature, 454(7200), 
49-55. https://doi.org/10.1038/nature07056 

Miyamoto, K., Pasque, V., Jullien, J., & Gurdon, J. B. (2011). 
Nuclear actin polymerization is required for transcriptional 
reprogramming of Oct4 by oocytes. Genes & Development, 
25(9), 946-958. https://doi.org/10.1101/gad.615211 

Miyamoto, K., Teperek, M., Yusa, K., Allen, G. E., Bradshaw, 
C. R., & Gurdon, J. B. (2013). Nuclear wavel is required 
for reprogramming transcription in oocytes and for normal 
development. Science (New York, N.Y.), 341(6149), 1002- 
1005. https://doi.org/10.1126/science.1240376 

Miyamoto, K., Tsukiyama, T., Yang, Y., Li, N., Minami, N., 
Yamada, M., & Imai, H. (2009). Cell-free extracts from 
mammalian oocytes partially induce nuclear reprogramming 
in somatic cells. Biology of Reproduction, 80(5), 935-943. 
https://doi.org/10.1095/biolreprod.108.073676 

Ng, R. K., & Gurdon, J. B. (2005). Epigenetic memory of active 
gene transcription is inherited through somatic cell nuclear 
transfer. Proceedings of the National Academy of Sciences of 
the United States of America, 102(6), 1957-1962. https://doi. 
org/10.1073/pnas.0409813102 

Ng, R. K., & Gurdon, J. B. (2008). Epigenetic memory of an active 
gene state depends on histone H3.3 incorporation into chro- 
matin in the absence of transcription. Nature Cell Biology, 
10(1), 102-109. https://doi.org/10.1038/ncb1674 

Pasque, V., Gillich, A., Garrett, N., & Gurdon, J. B. (2011). Histone 
variant macroH2A confers resistance to nuclear reprogram- 
ming. The EMBO Journal, 30(12), 2373-2387. https://doi. 
org/10.1038/emboj.2011.144 

Pasque, V., Radzisheuskaya, A., Gillich, A., Halley-Stott, R. P., 
Panamarova, M., Zernicka-Goetz, M., Surani, M. A., & 
Silva, J. C. (2012). Histone variant macroH2A marks embry- 
onic differentiation in vivo and acts as an epigenetic barrier 
to induced pluripotency. Journal of Cell Science, 125(Pt 24), 
6094-6104. https://doi.org/10.1242/jcs.113019 

Polejaeva, I. A., Chen, S. H., Vaught, T. D., Page, R. L., Mullins, J., 
Ball, S., Dai, Y., Boone, J., Walker, S., Ayares, D. L., Colman, 


Using Xenopus to Understand Pluripotency 


A., & Campbell, K. H. (2000). Cloned pigs produced by 
nuclear transfer from adult somatic cells. Nature, 407(6800), 
86-90. https://doi.org/10.1038/35024082 

Polo, J. M., Liu, S., Figueroa, M. E., Kulalert, W., Eminli, S., Tan, 
K. Y., Apostolou, E., Stadtfeld, M., Li, Y., Shioda, T., Natesan, 
S., Wagers, A. J., Melnick, A., Evans, T., & Hochedlinger, 
K. (2010). Cell type of origin influences the molecular and 
functional properties of mouse induced pluripotent stem 
cells. Nature Biotechnology, 28(8), 848-855. https://doi. 
org/10.1038/nbt.1667 

Prather, R. S., Barnes, F. L., Sims, M. M., Robl, J. M., Eyestone, 
W. H., & First, N. L. (1987). Nuclear transplantation in the 
bovine embryo: Assessment of donor nuclei and recipient 
oocyte. Biology of Reproduction, 37(4), 859-866. https://doi. 
org/10.1095/biolreprod37.4.859 

Simonsson, S., & Gurdon, J. (2004). DNA demethylation is nec- 
essary for the epigenetic reprogramming of somatic cell 
nuclei. Nature Cell Biology, 6(10), 984-990. https://doi. 
org/10.1038/ncb1176 

Singhal, N., Graumann, J., Wu, G., Araúzo-Bravo, M. J., Han, 
D. W., Greber, B., Gentile, L., Mann, M., € Schóler, H. 
R. (2010). Chromatin-remodeling components of the BAF 
complex facilitate reprogramming. Cell, 141(6), 943-955. 
https://doi.org/10.1016/j.cell.2010.04.037 

Stewart-Morgan, K. R., Petryk, N., & Groth, A. (2020). Chromatin 
replication and epigenetic cell memory. Nature Cell Biology, 
22(4), 361-371. https://doi.org/10.1038/s41556-020-0487-y 

Tachibana, M., Amato, P., Sparman, M., Gutierrez, N. M., Tippner- 
Hedges, R., Ma, H., Kang, E., Fulati, A., Lee, H.-S., 
Sritanaudomchai, H., Masterson, K., Larson, J., Eaton, D., 
Sadler-Fredd, K., Battaglia, D., Lee, D., Wu, D., Jensen, J., 
Patton, P., . . . Mitalipov, S. (2013). Human embryonic stem 
cells derived by somatic cell nuclear transfer. Cell, 153(6), 
1228-1238. https://doi.org/10.1016/j.cell.2013.05.006 

Takahashi, K., & Yamanaka, S. (2006). Induction of pluripotent 
stem cells from mouse embryonic and adult fibroblast cul- 
tures by defined factors. Cell, 126(4), 663-676. https://doi. 
org/10.1016/j.cell.2006.07.024 

Tamada, H., Van Thuan, N., Reed, P., Nelson, D., Katoku-Kikyo, 
N., Wudel, J., Wakayama, T., & Kikyo, N. (2006). Chromatin 
decondensation and nuclear reprogramming by nucleoplas- 
min. Molecular and Cellular Biology, 26(4), 1259-1271. 
https://doi.org/10.1128/MCB.26.4.1259-1271.2006 


335 


Teperek, M., Simeone, A., Gaggioli, V., Miyamoto, K., Allen, 
G. E., Erkek, S., Kwon, T., Marcotte, E. M., Zegerman, P., 
Bradshaw, C. R., Peters, A. H., Gurdon, J. B., & Jullien, J. 
(2016). Sperm is epigenetically programmed to regulate gene 
transcription in embryos. Genome Research, 26(8), 1034— 
1046. https://doi.org/10.1101/gr.201541.115 

Teranishi, T., Tanaka, M., Kimoto, S., Ono, Y., Miyakoshi, K., 
Kono, T., & Yoshimura, Y. (2004). Rapid replacement of 
somatic linker histones with the oocyte-specific linker his- 
tone Hlfoo in nuclear transfer. Developmental Biology, 
266(1), 76-86. https://doi.org/10.1016/j.ydbio.2003.10.004 

Thomson, J. A., Itskovitz-Eldor, J., Shapiro, S. S., Waknitz, M. 
A., Swiergiel, J. J., Marshall, V. S., & Jones, J. M. (1998). 
Embryonic stem cell lines derived from human blastocysts. 
Science, 282(5391), 1145-1147. https://doi.org/10.1126/ 
science.282.5391.1145 

Tsunoda, Y., Yasui, T., Shioda, Y., Nakamura, K., Uchida, T., & 
Sugie, T. (1987). Full-term development of mouse blasto- 
mere nuclei transplanted into enucleated two-cell embryos. 
Journal of Experimental Zoology, 242(2), 147-151. https:// 
doi.org/10.1002/jez.1402420205 

Wakayama, T., Perry, A. C., Zuccotti, M., Johnson, K. R., & 
Yanagimachi, R. (1998). Full-term development of mice 
from enucleated oocytes injected with cumulus cell nuclei. 
Nature, 394(6691), 369-374. https://doi.org/10.1038/28615 

Weismann, A. (1893). The germ-plasm: A theory of heredity. 
Translated by W. Newton Parker and Harriet Rónnfeldt. 
Scribner, New York. 

Wilmut, L, Schnieke, A. E., McWhir, J., Kind, A. J., & Campbell, 
K. H. S. (1997). Viable offspring derived from fetal and adult 
mammalian cells. Nature, 385(6619), 810-813. https://doi. 
org/10.1038/385810a0 

Zhang, M., Wang, F., Kou, Z., Zhang, Y., & Gao, S. (2009). 
Defective chromatin structure in somatic cell cloned mouse 
embryos. The Journal of Biological Chemistry, 284(37), 
24981-24987. https://doi.org/10.1074/jbc.M109.011973 

Zhou, C., Wang, Y., Zhang, J., Su, J., An, Q., Liu, X., Zhang, M., 
Wang, Y., Liu, J., & Zhang, Y. (2019). H3K27me3 is an 
epigenetic barrier while KDM6A overexpression improves 
nuclear reprogramming efficiency. FASEB Journal: Official 
Publication of the Federation of American Societies for 
Experimental Biology, 33(3), 4638-4652.  https://doi. 
org/10.1096/fj.201801887R 


Le \ Taylor & Francis 
v bboy aR Group 


httpy//taylorandfrancis.com 


Index 


Note: Page numbers in italic indicate a figure and page numbers in bold indicate a table. 


45S pre-ribosomal RNA gene, 159 


A 


Abbot, Maude E., 233 
Activation-transformation model (Nieuwkoop), 53 
Activators, absence, 59 
ADAM metalloprotease, usage, 78, 237 
Adenomatous Polyposis Coli (APC) protein, 
overexpression, 31 
ADHIB gene, alleles (commonality), 314 
Agonist binding sites, change, 144 
Allo-alleles, presence, 199 
Allopolyploidy, 155-156 
Allotetraploid genomes, 155-156 
Allotetraploidization, usage, 161 
Allotetraploidy, recognition, 156 
AMPA/GABA ratio, differences, 147 
AMPA receptors, characteristics, 147 
Amphibia (color changes), hormonal control 
(Huxley study), 7 
Amphibians 
egg/embryonic patterning, organization, 26 
embryos, axial pattern (organizer 
identification), 25 
embryos, fate map, 53 
localization problem, 25-26 
models, importance, 126 
Anaphase promoting complex (APC), 15 
Anaphase promoting complex/Cyclosome 
(APC/C), activation, 15 
Animal cap cells, Pax3/Zicl-mediated 
reprogramming, 133 
Antagonistic H3K4ME3/H3K27ME3 marks, 
acquisition, 178-180 
Anterior-posterior (AP) embryonic patterning 
classical/modern studies/issues, synthesis, 
58-60 
control, signaling pathways (impact), 54-58 
Anterior-posterior (AP) neural induction 
models, 53 
molecular analyses, 54 
principles, elucidation, 52 
Anterior-posterior (AP) neural patterning 
models, experimental embryology 
studies, 51-54 
Anterior-posterior (AP) patterning 
control, 58 
signaling pathways, 51 
Anti-cancer compound validation, GEXM 
(usage), 306-307 
Anti-EMT compounds, range, 306 
Anti-inflammatory (TH2) cells, cytokine 
production, 314 
Antisense DNA oligonucleotide technology, 
Xenopus oocytes (usage), 29 
Antisense MOs, usage, 45, 236 
Anti-sense MO, usage, 226, 228 
Antisense mRNA depletion, usage, 33 
Antisense oligonucleotides, usage, 317 
APC (canonical signal transduction 
component), 66 


apc TALEN mRNAs, targeted injection 
(usage), 305 

Aquaporins 1/9, identification, 146 

Armadillo (ARM) repeats, usage, 238 

Artificial allopolyploid analysis, 166-167 

ATAC-seq data sets, training, 191 

Atrio-septal defects (ASDs), 235 

Autoregulation subcircuits, 188-189 

Autoregulatory loop, Pax3 creation, 128 

Axin (canonical signal transduction 
component), 66 

Axinl dorsal degradation (promotion), Hwa 
protein (impact), 32 

Axis-inducing activity (displacement), cortical 
rotation (impact), 31 

Axon growth, 296 

Axon regeneration, 294, 295 


B 


Bacterial artificial chromosomes (BACs) 
location, 159 
sequencing, 157 
Batrachian, 3 
Beddard, Frank, 4 
Bellerby, Charles, 7 
Beta-catenin (P-catenin) 
degradation, promotion, 57 
dorsal B-catenin, cytoplasmic activation, 
31-32 
epigenetic priming, 263 
independence, 68 
independent pathways, addition, 71 
mutant, destabilization, 90 
mutation, 239 
protein, N-terminal phosphorylation, 66 
protein, nuclear localization, 67 
regulation function, 31 
secreted ligand activation, 32 
bHLH proteins, impact, 99 
bHLH transcription factors, mesodermal 
development role, 129-130 
Bicaudal C (Biccl), post-transcriptional 
regulator, 228 
Bighead, head formation usage, 57 
Bioinformatics, challenge, 198 
Biological processes, identification, 294-296 
Biophysics, Xenopus oocytes (usage), 143 
Birnstiel, Max, 9 
Blackler, Antoine, 8 
Blastomeres, profiling, 203 
Blastula 
blastula-stage embryo, fate map 
(production), 8-9 
blastula-stage embryo, prospective dorsal 
side, 67 
mesoderm/endoderm, 187 
stage endoderm patterning, 264 
Blastula Chordin and Noggin-expressing 
(NCNE) center, 90 
Blastula stem cells, NCCs (shared features), 133 
Bles, Edward, 4 


Blum, Martin, 45 
BMP4 signaling, impact, 45 
Bmp4/Smad1, action, 265 
BMP antagonists 
depletions, impact, 46-47 
expression, activation, 263 
tissue differentiation, 45-47 
BMP cell specification, 246 
BMP pathways, genes (identification), 44 
BMP signaling, 30 
pathways, reactivation, 209 
Boie, Heinrich (letter), Wagler footnote, 6 
Bone reconstruction, approaches, 251 
Bouncing eggs, detection, 15 
Branchial arch syndrome, 250 
Branchiostoma floridae, Hox cluster, 162 
Brown, Don, 9 


C 


C57BL/6J, genetic engineering usage, 315 
C57MG mouse mammary epithelial cells, 
transformation, 65—66 
Cadherin switching, promotion, 128 
Cadherin switch, neural crest migration 
requirement, 130 
Calcineurin (non-canonical Wnt signaling 
pathway component), 71 
Callan, Harold, 8 
Call lineage gene co-expression profiles 
network, 191 
CamKII (non-canonical Wnt signaling pathway 
component), 71 
Cancer 
CRISPR/Cas9 cancer modeling, 305 
genetic Xenopus tropicalis cancer model, 
TALEN-mediated TSG disruption, 
304-305 
initiation/progression, pathways/cellular 
processes (study), 302 
research, genetically engineered Xenopus 
models (usage), 303-305 
Xenopus cancer modeling, application 
potential, 305-307 
Candidate CHD genes, identification, 235-236 
Canonical notch signaling, 78 
device, 79 
pathway, scheme, 79 
Canonical Wnt/b-catenin signaling, 67 
Canonical Wnt, requirement, 236-237 
Canonical Wnt signaling, 66, 68 
importance, 127 
link, 65-66 
mediator, 177-178 
non-canonical Wnt signaling, integration, 68 
Cardiac organogenesis, Wnt signaling, 69 
Casein Kinase I (CKI), canonical signal 
transduction component, 66 
Cdc25 activation, prevention, 20 
Cdk2 
Cyclin E binding, 19 
identification, 19 


337 


338 


Cdtl degradation, 18 
Cell biology, proteomics (relationship), 200 
Cell cycle 
early development, relationship, /4 
events, in vitro recapitulation, 13-15 
oscillatory nature, impact, 17 
pausing, 16 
progression, cytoplasmic factors (impact), 15 
protein degradation, impact, 15-16 
regulation, 102 
systems biology, 16-17 
transitions, control, 16-17 
Cell death, 294-295 
Cell developmental biology, Xenopus (research 
tool), 301-302 
Cell division 
control, study, 13 
cycle, existence (demonstration), 13 
Cell-fate reprogramming Xenopus NT 
embryos, efficiency, 332 
Cell-free translation assays, usage, 26 
Cell lineages, creation, 25 
Cell nuclei, beta-catenin (P-catenin) 
localization, 67 
Cells, reprogramming, 325 
Cellular activity, calcium-imaging, 282 
Cellular proliferation, 295-296 
Central left-right organizer (cLRO), 
characterization, 227 
Central nervous system (CNS) 
accessibility, 282 
circuitry, implementation, 284 
manipulations, functional consequences, 
281 
morpho-physiological information, 277 
visual field representations, 278 
Centrosomal biology, nucleoporins (presence), 
237-238 
Cerberus (secreted factor) 
identification, 226 
impact, 57 
CerS, impact, 30 
CG (CpG) dinucleotides, DNA methylation 
(occurrence), 180 
Channels (biophysics/pharmacological 
properties), Xenopus oocytes (usage), 143 
Charles, Enid, 7 
Child, craniofacial skeleton, 247 
ChIP-re-ChIP experiments, usage, 178 
ChIP-seq analysis, 186 
ChIP-seq data sets, training, 191 
ChIP-sequencing experiments, 179 
Chordamesoderm, formation, 188 
Chordin/Tolloid/Twisted gastrulation/ 
Crossveinless-2/BMP ancestrally 
conserved D-V patterning system, 47 
Chromatin 
accessibility, 176-178 
accessibility, transcription factor binding 
(relationship), 177-178 
assembly, replication-coupled chromatin 
assembly dynamics, 178 
assembly, repressiveness, 177 
assembly, usage, 177 
chromatin-associated proteins, role, 173 
heterochromatin marks, 180 
immunoprecipitation, 174 
remodeling, dynamics, 173 
state, DNA packaging/regulatory substrate, 
173-174 
state maps, genome browser view, 175 


Chromosomes 
bouquet, formation, 34 
comparison, 158 
fusion sites, identification, 158 
identification, 158-159 
sex chromosomes, W-specific/Z-specific 
regions, 161 
Cilia-based flow reception, 229 
Cilia biology, nucleoporins (presence), 
237-238 
Cilia cell fate determination, glycosylation, 237 
Ciliary pore complex model, contradiction, 
238 
Cis-regulatory modules (CR Ms) 
binding, 188-189 
regulatory effector interactions, display, 185 
CLEAR consortium, 268 
Cleavage-stage embryos 
arrest, 16 
Cleavage-stage Xenopus embryos 
cleavage, occurrence (timing), 17 
H3K4me3/H3K27me3, absence, 179 
Cleft lip/palate, 250 
Clinically relevant GEXMs, generation, 
303-304 
Clock hypothesis, postulation, 107, 111 
Cluster-specific gene expansions, 164 
Clutch comparisons, making, 317-319 
Clutch variability, 317 
CMB:GFP neurula stage embryo, grafting, 210 
CMV promoter, impact, 177 
c-Myc promoter, usage, 177 
Coherent feedforward loop, 189 
Collateral projections, generation, 296 
Collinearity, 163 
Comparative genome analysis, 166 
Complementary deoxyribonucleic acid (CDNA) 
clones, synthesis, 144 
data, usage, 157 
functional expression library screening, 57 
isolation, 143 
libraries, preparation, 44 
reverse transcription, 203 
screen, gata4 identification, 235 
sequencing, 316 
transfection, 329 
translating, 199 
usage, 158 
Congenital heart disease (CHD), 239-240 
candidate CHD genes, identification, 
235-236 
cilia/centrosomal biology, nucleoporins 
(presence), 237-238 
clinical therapies, 234 
developmental cell signaling, mysteries, 
238-239 
diagnosis/studying, difficulties, 234 
disease mechanism analysis, left-right 
patterning (usage), 236-237 
genes, function (discovery), 233 
historical/medical background, 233-234 
patient cohorts, analysis, 235-236 
roots, 233-234 
shared molecular pathways, 239-240 
study, future, 240 
studying, approaches (Xenopus), 236-237 
studying, morphological/developmental 
benefits, 236 
surgical interventions, 234 
understanding, molecular genetic studies 
(usage), 234-236 


Index 


Congenital Malformations of the Heart 
(Taussig), 234 
Connexins, gap junction component, 146 
Context-specific Wnt signaling, 70 
Copy-number variant (CNV) 
analysis, 238 
deletion, 237 
identification, 235-236 
Cortical rotation, 25-26 
model, 26 
molecular control, 31 
Cranial neural crest (CNC) 
cells, differentiation (requirements), 131 
EAD reciprocal signaling, 248 
population, impact, 246 
Cranial placode development, notch pathway 
role, 107 
Craniofacial abnormalities (CFAs), 239-240 
Craniofacial anomalies (CFAs), 245 
causes, 249-250 
cell-based approaches, 252 
classes, 250-251 
environmental causes, 249-250 
factors, association, 249-250 
genetic causes, 249 
landscape, 249-251 
list, 252 
surgical approaches, 251 
tissue engineering approaches, 251 
treatment, 251-272 
understanding, 252 
vitamin deficiency, impact, 250 
Craniofacial ciliopathies, 251, 251 
Craniofacial development 
defining, 245 
Xenopus, contributions, 245 
Xenopus model, 245-246 
Craniofacial disorders, 245 
Craniofacial microsomia, 250 
Craniofacial organizer, function, 249 
Craniofacial signaling center, extreme anterior 
domain (comparison), 249 
Craniofacial skeleton, 247 
cells, presence, 246 
Craniofacial structure, development, 250 
Craniosynostosis, 250 
Crew, Frank, 7 
CRISPR 
CRISPR-mediated genome editing, usage, 
252, 303 
knock-ins, presence, 203-204 
screens, 268 
systems, usage, 290 
CRISPR-based genome editing, usage, 200 
CRISPR-based mutations, isolation, 8 
CRISPR/Cas9 genome editing, usage, 236 
CRISPR/Cas9-mediated genome editing, 127 
CRISPR/Cas9 Selection-mediated Identification 
of Dependencies (CRISPR-SID) 
development, 305 
methodology, 306 
Crosstalk, histone modifications (usage), 181 
C-terminal domain (CTD), 330 
CUB domains, 47 
Cuvier, Georges, 4 
Cyclin/Cdk complex, impact, 19 
Cyclin, identification, 14-15 
Cys-loop family, oocyte expression, 147 
Cytoplasm, canonical Wnt signaling, 66, 68 
Cytoplasmic activation, 31-32 
Cytoplasmic determinants, examples, 25-26 


Index 


Cytoplasmic dorsalizing activity, GBP proteins 
(impact), 31-32 
Cytoskeleton, control, 127-128 
Cytostatic factor (CSF) 
activity, impact, 15 
arrest dependence, 16 


D 


Dactylethra (genus name, usage), 4 
Dand5 
flow-induced post-transcriptional 
repression, 229 
flow target, evolution, 229 
identification, 226, 228 
nodal-DAND5 module, high sequence 
diversity, 230 
repression, 236 
Dand5 mRNA, post-transcriptional regulation, 
228 
Daudin, Frangois Marie, 3-4 
Xenopus description, 5 
DaVinci, Leonardo, 233 
Dawid, Igor, 9 
Degradation-ensuring sequence motif (degon), 
presence, 16 
Deleted in AZoospermia-like (Dazl) family, 
germ cell development, 33 
De novo methylation, involvement, 179 
Deoxyribonucleic acid (DNA) 
overreplication, prevention, 18 
packaging, 173-174 
polymerase inhibitors, addition, 20 
recovery, 179 
re-replication, prevention, 18 
segments, involvement, 314 
SOM, metacluster linkage, 191 
Deoxyribonucleic acid (DNA) methylation 
barrier, 332 
dynamics, 180-181 
histone modifications, repression/ 
modulation (contrast), 180-181 
repression/crosstalk, histone modifications 
(usage), 181 
Deoxyribonucleic acid (DNA) replication, 176 
control, 17-18 
DNA replication-coupled chromatin 
assembly, impact, 178 
feedback, 15 
induction, Xenopus egg cytoplasm (impact), 13 
initiation, control, 18-19 
low-speed Xenopus egg extract, usage 
(advantages), 17 
ordering events, 18-20 
origins/timing, 20 
study, 13 
De Robertis, Eddy, 263 
Desmoid tumors, 304 
Deuchar, Elizabeth, 3, 8 
Developmental biology 
Gurdon, impact, 8 
researchers, impact, 8-9 
Developmental cell signaling, mysteries, 238-239 
Development/disease, genetic variation 
(impact), 316-320 
Dexter, John S., 77 
Diabetes, 260, 268 
Dickkopf (Dkk1) 
experiments, loss, 69 
induction, 57 
Dickkopf (Dkk2) functions, 69 


Dickkopf (DKK) protein family, binding, 66, 68 
DIF-FRAC, 200 
Diploid genome, impact, 302 
Disease 
insights, Xenopus functional neurobiology 
(impact), 277 
modeling, Xenopus genetic variability 
(exploitation), 319-320 
Disease ontology (DO) resources, 260 
DKLI genes, linkage, 147 
Dlc/Notch/RBPG signaling, experimental 
perturbation (consequences), 111 
dll1STU/dlll knock-down, impact, 95 
Dominant-negative (DN) receptors, 
introduction, 54-55 
Dorsal blastomeres, fP-catenin (nuclear 
localization), 67 
Dorsal center development, prevention, 9/ 
Dorsal gene activation, B-catenin regulation 
function, 31 
Dorsal involuting marginal zone (DIMZ), 9/ 
Dorsal midline (DML) development 
hes/hey genes, impact, 96-97 
notch pathway, core components, 92-94 
Dorsal midline (DML) precursors, Notch 
pathway differential expression, 98 
Dorsal midline (DML) tissues, 98-99 
Dorsal-ventral (D-V) axis 
establishment, 90 
patterning, notch (role), 97 
Dorsal-ventral (D-V) patterning, signaling 
components, 43, 44 
Dorsal-ventral (D-V) tissues, origins (diagram), 46 
Dorsal B-catenin, cytoplasmic activation, 31-32 
Dorsal midline (DML) 
germ layers development, notch pathway 
(core components), 92-94 
segregation, 97 
Double strand break (DSB) repair, 305 
Driesch, Hans, 43 
Drosophila fruit fly 
chordin, homologue, 47 
mutant phenotype, discovery, 77 
Trithorax/Polycobm group gene 
identification, 178 
usage, 43 
Drosophila melanogaster, homeobox gene 
screen, 235 
dsBreaks, usage, 212, 214 
D-V gradient, generation, 265 
D-V histotypic cell differentiation, analysis, 45 
D-V patterning, 268 
Dynein Axonemal Particles (DynAPs), usage, 
200 
Dysmorphisms, description, 250 


E 


EAF 2 (transcriptional-level regulation), 71 
Early blastula mesoderm/endoderm, 187 
Early embryogenesis, notch signaling 
functions, 77 
Early gastrula mesoderm/endoderm, 187 
Early-localizing mRNAs, 27 
Early Xenopus embryogenesis, information 
source, 302 
Ectoderm 
development, pluripotency-related 
transcription factor (PouSfl) homologues 
(usage), 31 
specification, 30-31 


339 


EGFP expression, 293 
EGF receptor, deletion, 316 
Egg constriction experiments, 25 
Egg & Ego (Slack), 9 
Egg storage histones, 178 
Einsteck experiment, 52 
Embryological experiments, Xenopus (usage), 210 
Embryonic development, chromatin remodeling 
(dynamics), 173 
Embryonic manipulation-based approaches, 
usage, 279 
Embryos 
antagonistic H3K4ME3/H3K27ME3 marks, 
acquisition, 178-180 
histone modification maps, 174 
proxy-cancer phenotype, presence, 306 
EMCI variants, molecular connection, 71 
Endoderm 
commitment phase, 263 
development, phases (timing), 26/ 
endoderm-specific transcription factor, 
co-occupation, 178 
formation, molecular basis, 261-263 
gastrula-stage endoderm patterning, 263, 265 
germ layer formation, conceptual phases, 262 
induction phase, 263 
maternal control, 29-30 
maternal pre-pattern phase, 262-263 
neurula-stage endoderm patterning, 
265-266, 266 
organ fate, induction, 266-271 
organogenesis, temporal overview, 
260-261, 261 
patterning, 263-266 
pharyngeal endoderm, thyroid 
(relationship), 268 
specification, gene regulatory networks 
(usage), 187 
Endodermal lineages, formation, 186 
Endogenous ion channels, usage, 145-146 
Entwicklungsmechanic, 126 
ENU amplification, usage, 211 
Ependymoglial cells, comparison, 290 
Epidermal differentiation, hes/hey genes (role), 
103-104 
Epidermoid cysts, 304-305 
Epigenetic poising mechanism, usage, 31 
Epigenome 
H3K9 methylation/H4K20me3 decoration, 
180 
Epigenome maps, 174, 176 
Epithelial sodium channel (ENaC), beta subunit 
(encoding), 146-147 
Epithelium-to-mesenchyme transition (EMT), 
125, 128, 302 
anti-EMT compounds, range, 306 
neural crest EMT/migration, 129-130 
Erythropoiesis, GATA-1a/b function, 156 
Esophageal atresia, 260 
Esophagus, endoderm organ fate, 268 
Eukaryotic mRNA isolation, 9 
Eukaryotic transcription factor (TFIIA), 
isolation, 91 
European Xenopus Resource Centre (EXRC), 
transgenic line, 208 
Exogenous DNA, carrying, 207 
Exome sequencing, 236 
Experimental embryology, 43-44, 126 
studies, 51-54 
Extracellular Chordin/Tolloid/Tsg/CV2/BMP 
pathway, components, 44 


340 


Extracellular environment, active remodeling 
(requirement), 130 
Extracellular matrix (ECM) 
components, presence, 296 
degradation, 268 
role, 291, 293 
Extraocular motor nerves, extracellular 
recordings, 285 
Extreme anterior domain (EAD) 
cells, impact, 247 
craniofacial organizer function, 249 
craniofacial signaling center, comparison, 249 
expression, 248 
identification, 249 
LOF/GOF limitation, 245-246 


F 


FO pkd/ knockout tadpole, 2/5 
False discovery rate (FDR), 198 
Familial adenomatous polyposis (FAP), 304 
Fate map, 53 
Feedforward loops (FFLs), subcircuits, 190 
FERM-domain containing protein, impact, 57 
Fetal alcohol spectrum disorder (FASD) 
defects, polymorphisms (impact), 314 
result, 316 
Fetal growth restriction (FGR), induction, 319 
FGF3/FGF%8, transcription (activation), 58 
FGF/MAPK/GSK3 phosphorylations, impact, 47 
Fibroblast growth factor (FGF) 
caudalizing factor, 56 
gradients, cell specification, 246 
ligands, ectopic expression, 55 
pathway, role, 55 
Fibroblast growth factor (FGF) signaling, 55-56 
promotion, 128 
requirement, 105 
TF expression, 268 
Fischberg, Michail, 7-8, 326 
FISH analyses, usage, 158-159 
Fish lines, 315 
Flow-induced post-transcriptional repression, 229 
Flow-induced symmetry, 226 
Follicle-enclosed oocytes 
presence, 147 
receptor presence, 143 
Follicle, native ion currents, 147 
Force-fields, framework, 279 
Forward genetic screens, usage, 210-211 
Four-channel confocal image, merged image, 46 
Foxal-4, 263 
Foxd3 (forkhead box/winged helix transcription 
factor), importance, 130 
FOXGI genes, linkage, 147 
Foxhl, Tle recruitment, 177 
Frizzled2 receptor (Fzd2), 239 
Frizzled3 responsive element, identification, 71 
Frizzled-like gene Frzb-1, impact, 57 
Frog egg 
fertilization, appearance, 26 
post-fertilization, appearance, 26 
Functional cDNA expression library screening, 
usage, 57 
Functional neurobiology, in vitro preparations 
(usage), 282-285 


G 


Gain-of-function analysis, 186 
Gain-of-function assays, usage, 67 


Gain-of-function experiments, 102 
complementing, 54-55 
Gain of function (GOF), limitation, 245-246 
Gain-of-function (GOF) mutation, 304 
Gall, Joe, 9 
Galnt11/GalNAc O-glycosylation, role, 237 
Gap junctions, connexins (relationship), 146 
Gardner's syndrome, 304 
Gastrula 
embryos, transplantation, 52-53 
gastrula-stage endoderm patterning, 263, 265 
mesoderm/endoderm, 187 
stage endoderm patterning, 264 
Gastrulating embryo, diagram, 9/ 
Gastrulation, 265 
assays, usage, 69 
movements, impact, 52 
Gastulation, gene regulatory networks (usage), 
188 
GATA-1a/b, erythropoiesis function, 156 
Gata4-6, 263 
Gaunt, Stephen, 45 
Geminin protein, impact, 18 
Gene cluster, formation, 163 
Gene expression 
chromatin accessibility, 176-178 
reference, 163 
regulation, 71 
Gene regulatory network (GRN), 127, 261 
component set, 129 
constructs, 203-204 
impact, 186-188 
regulation, novel/non-canonical genes 
(importance), 129 
schematic representation, 247 
status, 190-192 
subcircuits, 188-190 
usage, 185, 187, 188 
Genes 
batteries (expression), TF regulation, 185 
clusters, cluster-specific gene expansions, 164 
editing, 210-214 
gene-specific studies, 251 
hox genes, analyses, 162-163 
models, refinement, 203 
near genes, heterochromatin marks, 180 
organization, detail, 163, 165 
structures, intron-exon-UTR annotation 
(adjustment), 198 
study, novel roles (discovery), 237-238 
symbols (high-resolution proteomic 
analyses), 199-200 
Xenopus gene editing, future, 308 
Genetically altered Xenopus (creation), targeted 
nucleases (usage), 212-214 
Genetically engineered cancer model organism, 
Xenopus (research tool), 301-302 
Genetically engineered Xenopus models 
(GEXMs), 302, 303 
clinically relevant GEXMs, generation, 
303-304 
usage, 305-307 
Genetic research, diploid genome (impact), 302 
Genetics, 210-214 
reverse genetics, dsBreaks (usage), 212, 214 
Genetic Xenopus tropicalis cancer model, TALEN- 
mediated TSG disruption, 304-305 
Genomes 
assembly scaffolds, 199 
comparative genome analysis, 166 
editing tools, advances, 207 


Index 


human genome, natural polymorphisms, 
313-314 
notch signaling responsiveness, 82 
Xenopus laevis genome, sequencing/ 
assembly, 157-158 
zygotic genome activation (onset), 
chromatin assembly (relationship), 177 
Genome wide association screens (GWASs), 
usage, 252 
Genomic DNA, sequencing, 157 
Genomic resources, improvement, 211 
Germ cell development, Dazl family 
involvement, 33 
Germ layer 
boundaries, refinement, 91, 95 
patterning, maternal control, 29-32 
segregation, notch targets (involvement), 
95, 98 
theory, 126 
Germ layer development 
hes/hey genes, impact, 96-97 
notch pathway, core components, 92-94 
Germ layer formation, 90-91, 95, 98 
gene regulatory network, impact, 186-188 
Germ layer induction 
maternal control, 29-32 
maternal secreted molecules, 30 
Germ plasm 
identification, 32-33 
maternal germ plasm, assembly, 33-34 
mRNAs, study, 33 
presence, 26 
Global transitions, genome-wide analyses, 174 
Glycosylation, 237 
Goldenhar syndrome, 250 
Goosecoid, identification, 44-45 
goosecoid-related homeobox genes, PCR 
screen (usage), 225-226 
GPCR proteins, impact, 57 
Growth factor signaling pathways (revealing), 
Xenopus experiments (usage), 259 
gsc CRMs, input integration, 188 
GSK3 (canonical signal transduction 
component), 66 
GTP binding, encoding, 116 
Guanine nuclear exchange factor, identification, 
238-239 
Gunn, JW.C., 3,7 
Gurdon, John, 7-9, 143, 325, 326 


H 


H2A.Z histone variant, presence, 176-177 
H3K4ME3 

DNA recovery, 179 

increase, 180 

mark, involvement, 176 
H3K4 methylation, increase, 179 
H3K27 acetylation mark, deposit, 176 
Hamburger, Viktor, 7, 44 
Haramoto, Yoshikazu, 163 
Hardman, John Maurice, 234 
Harland, Richard, 263 
Hartwell, Leland (genetic experiments), 13 
Hay, Elizabeth, 91 
Head formation, Wnt pathway, 56-57 
Head mesoderm, appearance, 186 
Health (insights), Xenopus functional 

neurobiology (impact), 277 

Heasman, Janet, 29 
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Heat shock-inducible HSP70 promoter, usage, 
209 
Hemifacial microsomia, 250 
Hes1-7 genes, involvement, 102 
hes1-7/hey groups, Xenopus tropicalis genes 
(notch signaling responsiveness), 82 
hes4-7/hey genes, early expression patterns, 80 
Hes4, role, 105, 107 
hes genes, impact, 110, 111 
Hes genes, role, 107 
Hes/Hey bHLH-O transcription factors, 
binding, 78 
hes/hey genes 
cross-regulation, 88-89 
impact, 96-97 
role, 103-104 
Heterochromatinization, drivers, 180 
Heterochromatin marks, 180 
Heterologous mRNAs, expression, 29 
Heterosis, 156 
Heterotaxy (HTX) 
birth defects, 234-235 
developmental cell signaling, mysteries, 
238-239 
disease mechanism analysis, left-right 
patterning (usage), 236-237 
internal organs, misorientation, 233 
patient cohorts, analysis, 235-236 
studying, approaches, 236-237 
studying, morphological/developmental 
benefits, 236 
understanding, molecular/genetic studies, 
234-236 
hhex-positive/nrlh5-positive liver progenitors, 
problem, 270 
HH/Gli-target genes, 268 
High-resolution proteomic analyses 
database, 198-199 
development, 197 
nomenclature/gene symbols, 199-200 
High-throughput RNA-seq, possibility, 44 
Hippo signaling pathway, 71 
HIRA histone chaperone complex, 176 
Histone deacetylases (HDACs) 
Hdacl activity, importance, 133 
impact, 111 
recruitment, 78 
Histone H3, N-terminal tails (modifications), 
174 
Histone modifications, 332 
acquisition/dynamics, 178-180 
comparisons, 179 
maps, 174 
repression/modulation, contrast, 180-181 
Histone resistance, 332 
Histone variants, usage, 176-177 
His, Wilhelm, 126, 126 
Hogben, Lancelot, 6-7 
Hogben Pregnancy Test, 7 
Homeologous gene loci, comparison, 159 
Homeologs, 156 
Homozygous muzak tadpoles, myh6 nonsense 
mutation (impact), 211 
Hornblatt, 126 
Hörstadius, Sven, 126 
Hox clusters 
identification, 162 
sequence determination, 158 
hox genes 
analyses, 162-163 
identification, 162 


necessity, 116 
patterning role, occurrence, 131 
HPLC, usage, 54 
Human ciliopathies, study, 251 
Human disease 
genetic polymorphism, contribution, 314 
Xenopus model, 71-72 
Human embryo, representation, 247 
Human genome, natural polymorphisms, 
313-314 
Human organisms, whole genome sequences 
(publications), 157 
Human protein variants (encoding), RNAs 
(usage), 319-320 
Huxley, Julien, 7 


Immotile:motile cilia ratio, establishment, 237 
Immune cell response, inflammation 
(relationship), 295 
INDELs, presence, 236 
Induced double strand break (DSB) repair, 305 
Induced pluripotent stem cells (iPSCs) 
expression patterns, 330 
generation, 329 
Induced tumor-like structures (ITLSs), 
302-303 
Inducible promoters, usage, 209 
Inner ear endorgans, galvanic vestibular 
stimulation, 283 
Insertional mutagenesis, 211-212 
Insertion-deletion (INDEL) mutations, 305 
Insulin-like growth factor (IGF) signaling, 
impact, 58 
Integrin protein, information relay, 130 
Intermediate-localizing mRNAs, 27 
Internal organs, misorientation, 233 
Intestinal malrotation, 260 
Intestinal neoplasia, 304 
Intestines, endoderm organ fate, 270-271 
Intrauterine growth restriction (IUGR), FGR 
(comparison), 319 
Intron-exon-UTR annotation, adjustment, 198 
In vitro preparations, usage, 282-285 
In vitro Xenopus preparations, usage, 284 
Involuting marginal zone (IMZ), 98 
contribution, 90-91 
T-Scel recognition site, 208 
Isis (Oken), 4 
Isogenic tadpoles, lymphoid tumor cell/ 
collagen mixture matrix (subcutaneous 
transplantation), 303 
¡TRAQ, usage, 197 


J 


Jelly coats, removal, 19 
JNK (non-canonical Wnt signaling pathway 
component), 71 
signaling, 249 


K 


KEN box, 16 

Kinetochores, concentration (low level), 16 
Kinin-kallikrein signaling, NO production, 249 
Kremen2, mediation role, 128 
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L 


Late-localizing mRNAs, 27 
Lateral facial dysplasia, 250 
Laterality, nodal cascade (impact), 225-226 
Lateral plate, appearance, 186 
Lateral plate mesoderm (LPM) 
Nodal cascade, activity, 228 
Nodal signaling, propagation, 225 
LEF/TCF proteins, transcriptional activation 
complex, 66 
Left-right (LR) asymmetry, impact (absence), 
228 
Left-right (LR) axis 
formation, 225 
present state, 225-229 
Left-right (LR) development, 225 
Left-right organizer (LRO), 226 
cells, flow target Dand5 (role), 227 
pathway, signals (relaying), 236-237 
patterning, 239 
tissue, mispositioning, 228 
Left-right (LR) patterning, 236-237 
Left-right (LR)-relevant Nodal signaling 
module components, 229 
Left-right (LR) signaling module, percent 
identity matrix, 229 
Leftward flow target, DandS identification, 
226, 228 
Le Régne Animal (Cuvier), 4 
Liddle syndrome, 146 
Ligand-gated ion channels, expression (rarity), 
147 
Lineage tracing, 203-204 
Linkage groups, mapping, 157 
Linker histones, usage, 176-177 
Liquid chromatography-tandem mass 
spectrometry (LC-MS/MS), usage, 306 
Liver, endoderm organ fate, 268, 270 
Localization elements (LEs) identification, 
structure-function mutagenesis (usage), 27 
Localized maternal mRNAs, 26-27 
Localized mRNAs, roles, 27 
Localized RNAs, molecular characterization, 
26-28 
Lohka, Manfred, 9 
Loss-of-function analysis, 186 
Loss-of-function approaches, 209 
Loss-of-function assays, usage, 57 
Loss of function (LOF), elicitation, 245 
Loss-of-function experiments, 31, 102 
XFD/DN-Fefrl/DN-Ras, usage, 56 
Loss-of-function in vivo studies, 59 
Loss-of-function (LOF) mutation, 304 
Loss-of-function studies, 54, 70 
Loss of heterozygosity (LOH), 303 
LRP6 receptor endocytosis, promotion, 44 
LRP intracellular domain, 66 
L subgenomes 
asymmetrical evolution, 159, 161 
identification, 158-159, 160-161 
Lungs, endoderm organ fate, 268 
Lymphoid tumor cell/collagen mixture matrix, 
subcutaneous transplantation, 303 
Lysis buffer, usage, 203 


M 


M1/M2 polarization, regulation, 295 
Magnetic resonance imaging (MRI), usage, 
306, 307 
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Malformations, 250, 251 
Maller, Jim, 9 
Mammalian nuclear transfer, 327-328 
Mammary adenocarcinomas, induction, 301 
Mangold, Hilde, 43 
Mangold, Otto, 52 
MAPK phosphorylation, impact, 47 
MAPK signaling, decrease, 133 
Marginal zone (MZ) 
contribution, 90-91 
dorsal descendants, allocation, 98 
Mass spectrometry (MS) 
MS-based proteomics, 197 
Xenopus MS spectrometry, usage, 198 
Mastermind-like (MAML) co-activator, 
recruitment, 78 
Masui, Yoshio, 9 
Maternal chromosomes, loss, 211 
Maternal cytokeratin (krt8.1) mRNA, 
depletion, 29 
Maternal ectoderm specifying pathway, zygotic 
transcription factors (identification), 30 
Maternal effect mutation, 28-29 
Maternal gene function, analysis, 28-29 
Maternal gene plasm, assembly, 33-34 
Maternal mRNAs, 25 
depletion studies, 32 
localized maternal mRNAs, 26-27 
molecular characterization, 26-28 
obtaining, cell-free translation assays 
(usage), 26 
Maternal pre-pattern phase, 261-263 
Maternal protein dowry, synthesis, 203 
Maternal RNA, enrichment, 187 
Maternal T-box transcription factor, 
importance, 187 
Maternal-to-zygotic transition (MZT), 29 
Maturation promoting factor (MPF) 
activation, prevention, 20 
characterization, 14-15 
definition, 14 
kinase activity, change, 18 
kinase activity, increase/sustaining, 14 
Maturity onset diabetes of the young (MODY), 
260, 268 
Maxwell, A.K., 4, 6 
Mdm2 binding protein (MTBP), usage, 19 
Medaka (Oryzias latipes) 
biomedical research usage, 315 
male sex-determining gene, 161 
Medulloblastomas, 304 
Megadalton (MDa) NPCs, 238 
Melanocytes, impact, 131 
Membrane, canonical Wnt signaling, 66, 68 
Mendelian inheritance, 250, 251 
Mesendoderm 
induction in vivo (blocking), CerS (usage), 30 
regulation, GRN (impact), 186 
Mesoderm 
maternal control, 29-30 
specification, gene regulatory networks 
(usage), 187 
specification, hes7.3/esr5 promotion/hes5.1 
inhibition, 95, 98 
Mesodermal lineage, formation, 186 
Messenger RNA (mRNA) 
concentration, proportion, 201 
Dand5 mRNA, post-transcriptional 
regulation, 228 
decay, 228 
expression, 293 


germ plasm mRNAs, study, 33 
heterologous mRNAs, expression, 29 
localization mechanisms, 27-28 
microinjection, 208 
mRNA-encoding mediators, ventral 
injection, 302 
preparation/selection, 144 
Metabolic regulation, 295-296 
Metaclusters, presence, 191 
Methylcytosine-binding protein 2 (MECP2) 
genes, mutations, 147 
Microglia/macrophage activation, regulation, 295 
Mid-blastula transition (MBT), 29 
impact, 56 
Midbrain-hindbrain boundary, 102, 105, 107 
Midbrain/hindbrain boundary (MHB), 107 
establishment, hes genes (impact), 110 
Miller syndrome, 250 
Mini chromosome Maintenance 2-7 (MCM2-7) 
protein complex, recruitment, 18 
Mitochondrial DNA, discovery, 9 
Mitotic Cyclin (Cyclin A90), N terminus 
deletion (impact), 15 
Mitotic entry, prevention, 16 
Mix/Bix clusters, 165 
Mix/Bix family clusters, 263 
mix/bix gene clusters, sequence determination, 
158 
Model organisms, 3 
whole genome sequences (publications), 157 
Modified dual-component GAL4-UAS system, 
usage, 209 
Modified two-signal hypothesis, articulation, 53 
Molecular biological studies, usage, 54-58 
Molecular biology 
neural crest development, insights, 127-131 
Molecular biology, Xenopus (usage), 9 
Molecular cloning technology, advances, 26-27 
Monoubiquitylation, 332 
Morgan, Thomas Hunt, 43, 77 
Moriyama, Yuki, 45-46 
Morphogenesis, Wnt signaling, 65 
Morpholino-based depletion, 31 
Morpholino knockdown, usage, 33 
Morpholino oligonucleotide (MO), 245 
anti-sense MO, usage, 226, 228 
usage, 45 
Mosaic development, 25 
Mouse embryonic fibroblasts (MEFs), 
pluripotency (induction), 331 
Mouse ES cells, differentiation, 178 
Mouse inbred lines, 315 
Mouth 
cellular organization, 247 
facial structure, 246-249 
formation, conservation, 246-247 
formation, Xenopus model, 247, 249 
opening, sagittal views, 248 
MSI ion-current, usage, 201 
Multi-pass membrane proteins, regulation, 239 
Murine transthyretin promoter, usage, 209-210 
Museum d'Histoire, 4 
Mutagenesis screens, X. tropicalis usage, 157 
Mutant alleles, impact, 77 
Mutate genes, cluster feature, 163 
myh6 nonsense mutation, impact, 211 


N 


Nakamura, Osamu, 8-9 
Nanorana parkeri (orthologous genes), 165 
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National Center for Biotechnology Information 
(NCBI), 260 
Natural cell cycle arrests, strengths, 202 
Natural genetic variation/disease implications 
field, summary, 314-315 
present state, 316-320 
study model, 313 
Naturally occurring tumors, 302 
Natural size polymorphism, Xenopus laevis 
genetic variation (relationship), 3/8 
Natural stimulation paradigms, 284 
Natúrliches System der Amphibien (Wagler), 4 
Near genes, heterochromatin marks, 180 
Negative autoregulation subcircuits, 
occurrence, 189 
Neural border/descendants 
hes genes, role, 108-109 
notch pathway, core components, 106 
Neural crest 
derivatives, examples, 132 
developmental mechanisms, knowledge, 125 
development/evolution, 125 
development, insights, 127-131 
development, knowledge, 133-134 
ectoderm, appearance, 186 
EMT control, 130 
EMT/migration, 129-130 
GRN regulation, novel/non-canonical genes 
(importance), 129 
lineage diversification, 130-131 
migration, extracellular environment active 
remodeling (requirement), 130 
ontogeny, 127 
pluripotency, insights, 132 
potential, origins, 131-133 
research, amphibian models (importance), 
126 
stem cells, establishment, 129 
Xenopus, contributions, 246 
Neural crest cells (NCCs) 
appearance, 102, 105 
blastula stem cells, shared feature, 133 
development, Hes4 development, 105, 107 
differentiation, 247 
progenitor derivation, 239 
Neural crest cell transcription factors (NCC- 
TFs), encoding, 105 
Neural crest-derived head skeleton, formation 
(requirements), 131 
Neural crest progenitors, 127-129 
induction, 247 
Neural ectoderm, induction, 9 
Neural induction, 47 
Neural plate border (NB) 
development, Hes4 role, 105, 107 
establishment, 127-129 
midbrain-hindbrain boundary, 102, 105, 
107 
neural crest progenitor induction, 247 
region, characterization, 128 
Neural progenitor stem cells (NSPCs) 
maintenance/differentiation, metabolism 
regulation, 296 
presence, 294 
proliferation, 290, 293 
role, 289 
Neural stem/progenitor cells, role, 293-294 
Neural systems, examples, 280-281 
Neural tissues 
AP patterning, 56-57 
induction, mesoderm (impact), 52 
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Neurobiology 
observations, Xenopus (usage), 278-279 
present status, experimental approaches, 
279, 281-282 
Neurocristopathies, 250 
Neurodevelopmental disorders (NDDs), 
239-240, 281 
Neurogenesis, 293-295 
differentiation, hes/hey genes (role), 103-104 
Neuronal circuit formation (assessment), 
embryonic manipulation-based 
approaches (usage), 279 
Neurons, calcium-imaging, 285 
Neurula patterning stages, 270 
Neurula-stage endoderm patterning, 265-266, 
266 
New Head hypothesis, 126 
NF35-NF43 early endoderm organ 
morphogenesis, occurrence, 260-261 
NFAT (calcium-sensitive transcription factor), 
activation, 68 
Nicotinic acetylcholine receptor (nAChR), multi- 
pass membrane-bound protein, 239-240 
Niehrs, Christof, 263 
Nieuwkoop center (NC), 90 
Nieuwkoop, Pieter, 7, 59 
Nitric oxide (NO) production, 249 
nkx2.5-GFP insert, presence, 212 
N-methyl-N-nitrosourea (NMU), usage, 302 
nodal3 clusters, 163, 165 
nodal5 clusters, 163, 165 
Nodal antagonist (CerS), impact, 30 
Nodal cascade, impact, 225-226 
Nodal-Dand5 module, high sequence diversity, 
230 
Nodal-related genes, activation, 30 
Nodal signaling 
propagation, 225 
spatiotemporal gradients, impact, 29 
Non-canonical notch signaling, 78 
Non-canonical Wnt/PCP signaling, 67 
Non-canonical Wnt signaling, 68 
canonical Wnt signaling, integration, 68 
gene expression, regulation, 71 
importance, 127 
Non-histone chromatin state maps, 174 
Non-involuting marginal zone (NIMZ), 91 
contribution, 90-91 
transcripts, accumulation, 904 
Non-regenerative (NR-) mechanisms, 
comparison, 289, 291 
Non-regenerative (NR-) stages, 295 
Sox2 reduction, 294 
notch! activity, regulation, 90 
Notch1/RBPJ signaling, response (change), 95 
Notch/genes/pathways, interplay, 111, 116 
Notch Intracellular Domain (NICD), usage, 
77, 237 
Notch ligands, 99, 102 
impact, 111 
Notch pathway, 77-78 
components, 81 
components, impact, 99 
core components, 106 
genes, expression, 112-115 
hes1-7/hey genes responsiveness, 
experimental evidence, 83-87 
involvement, 107 
roles, 77, 107 
Notch perturbation, time-dependent opposite 
responses, 105 


Notch receptors/ligands, early expression 
patterns, 79 
Notch signaling, 78 
action, modes, 79 
canonical notch signaling, 78 
functions, 77 
glycosylation, 237 
immotile:motile cilia ratio establishment, 237 
increase, 308 
involvement, 116 
non-canonical notch signaling, 78 
pathway, 71 
pathway, reactivation, 209 
Notch targets, involvement, 95, 98 
Notochord, appearance, 186 
Nuclear pore complexes (NPCs), 238 
Nuclear reprogramming 
alternative methods, usage, 328 
changes, 327-329 
DNA methylation barrier, 332 
histone modifications/resistance, 332 
methods, schematic, 328 
process, molecular insights, 329-332 
promotion, oocyte factors, 330-331 
Xenopus laevis oocytes/eggs/egg extracts, 
usage, 327 
Nuclear reprogramming, inception, 325-327 
Nuclear transport receptor (NTR), ARM 
action, 238 
Nuclear transport (NT), usage, 326 
Nucleoplasmic extract (NPE) 
creation, process, 19 
development, 19 
Nucleoporins, presence, 237-238 
Nucleosome 
dynamics/accessibility, histone variants/ 
linker histones (usage), 176-177 
positions, importance, 173 
Nucleus, canonical Wnt signaling, 66 
Nup188, inner ring component, 238 


O 


OFF-memory, 180 
Oken, Lorenz, 4 
-Omics, neural crest development (insights), 
127-131 
Online Mendelian Inheritance in Man 
(OMIM), 260 
ON-memory, 180 
Oocyte factors, 330-331 
schematic model, 33/ 
Oocytes 
follicle-enclosed oocytes, receptor 
presence, 143 
histones, 178 
mRNA localization, mechanisms, 27 
RNA polymerases, presence, 9 
Optical coherence tomography (OCT), 236 
Ordinary differential equations (ODEs), usage, 
69-70 
Organ fate induction, combinatorial signals, 267 
Origin recognition complex (ORC), 18 
otx1 (endodermal identity), 34 
Outbred lines, advantages, 316 


P 


Pancreas, endoderm organ fate, 268, 270 
Pancreatic hypoplasia/agenesis, study, 270 
PAPC (transcriptional-level regulation), 71 
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Pardue, Mary Lou, 9 
Patient-derived CHD disease mechanisms, 
discovery, 237-240 
pCMBSS, water-transporting channel 
sensitivity, 146 
pDXTP (destination vector), usage, 209 
Peacock, Bevill, 233 
Peaker, Malcolm, 4 
Pediatric Cardiac Genetic Consortium (PCGC), 
exome sequencing, 236 
Peptide-spectra matching, protein reference set 
(obtaining), 199 
Pericentriolar material (PCM), 238 
Peripheral nervous system (PNS), morpho- 
physiological information, 277 
Perturbations, impact, 174 
Perutz, Max, 4 
Phantom sequences, providing, 199 
Pharmacological properties, Xenopus oocytes 
(usage), 143 
Pharyngeal endoderm, thyroid (relationship), 268 
Phloretin, water-transporting channel 
sensitivity, 146 
Phosphorylated Smad1/5/9 activity, D-V 
gradient (generation), 265 
Phospho-Smad1/5/8,usage, 47 
PI3K/Akt signaling, increase, 133 
PIF/harbinger-type transposons, distribution, 
159 
Pigmentation, melanocytes (impact), 131 
Placode development, notch pathway role, 107 
Platt, Julia, 126 
Pluripotency 
demonstration, /32 
maintenance, 128 
understanding, Xenopus (usage), 325 
Pluripotency-related transcription factor 
(PouSfl), homologues (usage), 31 
Pluripotent embryonic cells, segregation, 260 
Pluripotent stem cells (PSCs), 259 
human PSC-derived endoderm, 270 
human PSCs, differentiation, 260, 265, 268 
induced pluripotent stem cells (iPSCs), 
generation, 329 
lines, generation, 327-328 
Pole plasm, 26 
Polycomb group genes, identification, 178 
Polycomb Repression Complex 2 (PRC2), 
transcription function, 176 
Polymerase chain reaction (PCR) 
amplification, usage, 211 
screen, 225-226 
usage, 198 
Polymorphisms 
impact, 314 
simple sequence length polymorphism 
(SSLP), 157 
Polyploid organisms, whole genome sequences 
(publications), 157 
Polyubiquitination, 47 
Positive autofeedback loop, 189 
Posterior neural markers, induction, 56 
Post-fertilization embryos (arrest), CSF 
(impact), 16 
Post-involuted mesendoderm, usage, 59 
Post-translational modifications, 202 
Post-translational protein modification, 202 
Precise integration into target chromosome 
(PITCh) system, usage, 308 
Pregnancy Diagnosis Center, 8 
Xenopus source, 7 
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Pre-placodal ectoderm (PPE), formation, 105 
Prepattern genes, balanced expression, 99 
Pre-placodal ectoderm (PPE) 
appearance, 186 
development, Hes genes (role), 107 
formation, 105 
Primary ciliary dyskinesia (PCD), 226 
Primary neurogenesis, 99, 102 
Hes1-7 genes, involvement, 102 
Primordial germ cell (PGC) 
formation, maternal control, 32-34 
induction, 32-33 
specification, germ plasm mRNAs (study), 33 
Progenitor-restricted TFs, molecular 
mechanisms, 266 
Pro-inflammatory (TH!) cells, cytokine 
production, 314 
Proliferating cell nuclear antigen-interacting 
protein (PIP) box, usage, 18 
Proliferating cell nuclear antigen (PCNA), 
interaction, 18 
Proneural genes, impact, 99 
Pro-neural soxb/ expression, repressing, 
128-129 
Protein expression 
developmental atlas, 201-202 
encoding, 201 
Proteins 
degradation, impact, 15-16 
post-translational sequence editing, 199 
recruitment steps, 18 
Proteoglycans, importance, 69 
Proteomics 
cell biology, relationship, 200 
high-resolution proteomic analyses, 197-200 
single-cell proteomics, 202-203 
protocadherin 8 (pcdh8), repression, 111, 116 
Proxy-cancer phenotype, presence, 306 
Pseudogenes, cluster feature, 163 
Pseudo-stratified epithelial structure, recovery, 
2932 
pTransgenesis, usage, 208-209 


R 


Rabbit globin gene, eukaryotic mRNA 
isolation, 9 

Rana catesbiana studies, 290 

Rana pipiens eggs 

enucleated eggs, endoderm cells 
(differentiation), 326 
nuclei, usage, 14 

Rana pipiens sperm nuclei, usage, 14 

ranid species, study, 278 

RAPGEPS, blocking, 239 

RAR (receptor construct), usage, 54-55 

RBPJ (DNA-binding protein), participation/ 
mediation, 78 

Reactive oxygen species (ROSs), role, 291 

Receptors (biophysics/pharmacological 
properties), Xenopus oocytes (usage), 143 

Recombinant DNA technologies, invention, 9 

Red blood cells (RBCs), infiltration, 291 

Regenerative (R-) mechanisms, comparison, 
289, 291 

Regenerative (R-) stages, 294, 295 

Regional neural inducers, model (Mangold), 53 

Region-specific microsurgeries, performing, 52 

Regulative development, 25 

Regulatory substrate, 173-174 

Repetitive elements, heterochromatin marks, 180 


Replication 
dynamics (study), Xenopus egg extracts 
(usage), 20 
licensing, 17-18 
origin firing, 20 
replication-coupled chromatin assembly 
dynamics, 178 
timing, concept (development), 20 
Repression, histone modifications (usage), 181 
Reprogramming. See Nuclear reprogramming 
field (establishment), SCNT experiments 
(usage), 326 
gene expression patterns, change, 330 
Respiratory progenitor induction, regulation, 
269 
Restriction enzyme-mediate integration 
(REMI), 207-208 
Retinal hyperproliferation, 304 
Retinal pigmented epithelial (RPE) cells, 
accumulation, 238 
Retinoic acid (RA) 
biosynthesis, 314 
signaling, 54-55, 270 
Reverse genetics, dsBreaks (usage), 212, 214 
Reverse transcription (RT) reagents, usage, 203 
Rhodopsin, multi-pass membrane-bound 
protein, 239-240 
RhoGEF TRIO, 212-213 
Ribonucleic acid (RNA). See Messenger RNA 
RNA-based SOM, generation, 791 
RNA-binding proteins, identification, 200 
RNAi, usage, 246, 305 
RNA SOM metacluster linkage, 191 
Ribosomal DNA (rDNA), separation, 9 
Ribosome profiling (RIBO-seq), 200 
Right half embryo, sagittal cut, 48 
Roeder, Bob, 9 
Roux, Wilhelm, 43, 126 
R-stage/NR-stage, transcriptomic/proteomic 
level (biological process regulation), 296 
RT-qPCR, usage, 163 
rtTA expression, control, 209 
RXR (receptor construct), usage, 54-55 


S 


Sanger method, usage, 157 
Scaffolds 
BAC location, 159 
mapping, 157 
Sclerostin (SOST), binding, 66, 68 
Secreted frizzled-related protein (SFRP), Wnt 
binding ability (loss), 45 
Secreted ligand activation, 32 
Selenoproteins, sequence, 199 
Self-organizing map (SOM) 
application, 190-191 
linked SOM method, 191 
metaclusters, presence, 797 
RNA-based SOM, generation, 191 
Sensory left-right organizer (sLRO) cells, pre- 
flow stages, 227 
Sex chromosomes, W-specific/Z-specific 
regions, 161 
Sex-determining gene (DM-W), female 
specificity, 161 
sfrpl expression, confinement, 70 
Shapiro, Hillel, 7 
Shared molecular pathways, 239-240 
shRNA, usage, 209 
Siamois clusters, 165 


Index 


siamois gene cluster, sia expansion, 165 
Signaling molecules, dynamic temporal 
expression, 59 
Signaling pathways 
directions/questions, 71 
importance, 132-133 
usage, 54-58 
Wnt/beta-catenin (P-catenin) signaling 
pathway, 56-57 
Signal integration, 57-58 
Signal transduction (mediation), NICD (usage), 77 
Simple sequence length polymorphism (SSLP), 
157 
Single-cell proteomics, 202-203 
push, 203 
Single-nucleotide polymorphism (SNP), 
313-314 
array analysis, usage, 236 
Single-stranded DNA, replication, 17 
Skpl-cullin-F-box protein (CCF) ubiquitin 
ligase, impact, 19 
Skull bones, growth, 250 
Slack, Jonathan, 9 
Sleeping Beauty, usage, 211-212 
Slome, David, 7 
Smad4-dependent TgfB signaling, 
inhibitor, 31 
Smit, Pierre Jacques (Xenopus tadpole 
illustration), 5 
snail expression, regulation, 129 
snai2 expression 
induction, 127 
repression, 129 
Snail family transcription factors, importance, 
130 
Sodium channels, identification, 146-147 
Somatic cell nuclear transfer (SCNT), 325 
experiments, impact, 326 
Somite, appearance, 186 
Somitogenesis, 107, 111, 116 
notch/genes/pathways, interplay, 112, 116 
notch ligands/hes genes, involvement, 111 
notch pathway genes, expression, 112-115 
Somitomeres 
segmental prepattern, 111 
whorls, formation, 111 
Southern blotting, usage, 181 
Sox2 protein 
expression, 293 
reduction, 294 
Sox17, 263 
Spatial exclusion, /89 
subcircuits, 190 
Spemann, Hans 
egg constriction experiments, 25, 26 
Spemann-Mangold experiment, 43, 48 
Spemann organizer 
formation, 186 
inductive signals, 46 
molecules, search, 44—45 
neural induction, 47 
relocalization, self-regulation, 47-48 
S phase, M phase (transitions), 17 
Spinal cord injury (SCI), 289 
comparative cellular response (R-stage/ 
NR-stage), 292-293 
early cellular response, 291 
intermediate cellular response, 291, 293 
late cellular response, 293 
R-stage/NR-stage spinal cord, histological 
differences, 291 


Index 


R-stage/NR-stage, transcriptomic/ 
proteomic level (biological process 
regulation), 296 

zebrafish response, 295 

Spinal cord injury (SCI), cellular response, 
291, 293 
R-stages/NR-stages, 293 
Spinal cord regeneration 

axon regeneration, 294 

biological processes, identification, 
294-296 

neural stem/progenitor cells, role, 293-294 

neurogenesis, 293-294 

observations, 289-290 

present status, 290-296 

study, Xenopus laevis (model organism), 
290-291 

understanding, 289 

S subgenomes 
asymmetrical evolution, 159, 161 
identification, 158-159, 160-161 
Stage NF20 embryos, RNA-seq/ChIP-seq 
analyses, 265 
Stage NF20 Xenopus embryo, schematic, 266 
Stage-specific microsurgeries, performing, 52 
Steinbeisser, Herbert, 45 
Stomach, endoderm organ fate, 270 
Structure-function mutagenesis, usage, 27 
Subgenomes, evolution, 161 
Surani, Azim, 45 
Symmetrization, rotation, 25-26 
Syndromic craniosynostosis, description, 251 


T 


T3 treatment, 294 
Tadpole behavior, profiling/quantification 
ability, 281 
Tailbud, dorsal half embryo, 48 
Tail oscillations, motion recording, 285 
Takahashi, Shuji, 163 
Talin protein, information relay, 130 
Targeted nucleases, usage, 212-214 
Targeting induced local lesions in genomes 
(TILLING), 211 
screen, usage, 211 
TATA-binding protein, pre-initiation complex 
involvement, 331 
TATA box, usage, 176 
Taussig, Helen Brooke, 233 
TAZ (Hippo signaling pathway component), 71 
TBX20 mutations, presence, 235 
tbxt (pan-mesodermal marker) 
inhibition, 95 
regulation, 188 
Tbxt-expressing cells, change, 188 
Tcl/mariner-type DNA transposons, 
distribution, 159 
TCF proteins, repressing, 31 
Tdgf1.3, maternal supply, 30 
Teleost lineage, WGD (occurrence), 163 
Temperature-inducible hsp70 promoter, usage, 
209 
Temporal collinearity, definition (ambiguity), 
163 
Tetracycline-inducible (TRE) promoter, usage, 
209 
TGFP2 (transcriptional-level regulation), 71 
Thyroid hormone (TH) levels, increase, 294 
Thyroid, pharyngeal endoderm (relationship), 
268 


TILLING. See Targeting induced local lesions 
in genomes 
Tissue differentiation, 45—47 
Wnt signaling, 65 
Tissue remodeling, 296 
Tissue-specific promoters, usage, 209 
TMEMIO6A (calcium-dependent chloride 
channel ), 147 
activation, 146 
discovery, 144, 146 
TMT-C+, usage, 197 
TMT MS-3, usage, 197 
Toll-like receptor (TLR) genes, impact, 314 
Tolloid chordinase, 47 
Tomlin, S.G., 8 
Topologically associating domains (TADs), 173 
Trachea, endoderm organ fate, 268 
Tracheal-esophageal (T-E) fistula/esophageal 
atresia, 260 
Tracheal-esophageal (T-E) morphogenesis, 268 
Tracheoesophageal separation, regulation, 269 
Transcription activator-like effector nucleases 
(TALENSs), 301 
apc TALEN mRNAs, targeted injection 
(usage), 305 
students, 212 
systems, usage, 290 
TALEN-mediated genome editing, 303 
TALEN-mediated TSG disruption, 304-305 
tumor model, generation, 305 
Transcriptional reprogramming, usage, 330 
Transcription factors (TFs) 
binding, chromatin accessibility 
(relationship), 177-178 
binding, physical sites (identification), 190 
CRMs, relationship, 188 
docking, 185 
expression, 268 
importance, 132-133 
neural crest cell transcription factors (NCC- 
TFs), encoding, 105 
regulation, Vegt/Vegt-induced Nodal 
signals (usage), 30 
target DNA sequence binding, 78 
Transforming growth factor B (TgfB), encoding, 
26-27, 30 
Transgene construction, streamlining, 208-209 
Transgenic strategies, dependence, 210 
Transgenic Xenopus 
generation, 207-209 
pTransgenesis, usage, 208-209 
technology development, 207-208 
uses, 209-210 
Transient receptor potential (TRP) cation 
channels, 146 
Transient receptor potential melastatin (TRPM) 
family, 146-147 
Transmembrane receptors, Fizzled family 
receptors (binding), 65 
Transposable elements, 314 
localization, 180 
Treacher Collins syndrome, 250 
Treslin/TICRR, usage, 19 
Trithorax group genes, identification, 178 
Tumor dependencies (identification), GEXM 
(usage), 305-306 
Tumor-immune system interactions, 303 
Tumor induction, 303 
Tumor progression, in vivo monitoring tools, 
307-308 
Twinned embryos, result, 26 


345 


Twist1/Twist2 proteins (bHLH transcription 
factors), mesodermal development role, 
129-130 


U 


Ultraviolet (UV) irradiation, usage, 326 
Undiluted cell lysates, making, 200 
Unmethylated CpGs, capture, 174 
UUCAC/UUUCU motifs, presence, 27 


Vv 


Vasointestinal peptide, 143 
Vegetally localized mRNAs, 28 
encoding, velol (usage), 33 
vegt 
endodermal identity establishment, 34 
endoderm/mesoderm, maternal control, 29-30 
locus, 175 
mRNA, maternal role (assessment), 29-30 
Vegt (maternal T-box transcription factor), 
importance, 187 
Veloll, usage, 33-34 
Ventral BMP signaling, expression restriction, 
268 
Ventral genes, BMP4 signaling (impact), 45 
Ventral half embryo, 48 
Ventral mesenchyme, appearance, 186 
Ventral mesoderm, formation, 188 
Ventral-posterior GRN, 265 
Ventral segments 3/4, progeny, 46 
Ventral signaling center, 45 
Ventx clusters, 165 
Vertebrates 
cardiogenesis, studies, 235 
development, molecules/genes (roles), 127 
embryonic development, regulatory network 
diagrams (establishment), 185-186 
embryonic development, Wnt signaling 
(integrated understanding), 69 
gastrulation, 68 
neural crest, development/evolution, 125 
notch signaling pathway, scheme, 79 
somitogenesis, Clock/Wavefront hypothesis 
(postulation), 107, 111 
vgl clusters, 163, 165 
Vinculin protein, information relay, 130 
Visual stimulus, learned associations, 281-282 
Voltage sensor, 144 


Ww 


Waddington, C.H., 7, 132 
Wagler, Johann Georg, 4 
footnote, 6 
Water-transporting channel sensitivity, 146 
Wavefront hypothesis, postulation, 107, 111 
Weissman, August, 126 
Whole genome bisulfite sequencing, 174 
Whole genome duplication (WGD), 155-156 
usage, 162-163 
Whole genome sequences, publications, 157 
Whole genome sequencing (WGS), 157 
Williams, Daniel Hale, 234 
Wingless-type MMTV integration site (Wnt) 
genes, cloning efforts, 27 
Wntl1b, classification, 32 
Wnt antagonists 
expression, signaling, 263 
overexpression, 32 


346 


Wnt/beta-catenin (P-catenin) signaling 
pathway, 56 
Wnt/BMP/FGEF signals, posteriorization, 
270-271 
Wnt/calcium signaling, 68 
Wnt genes, co-discovery, 65 
Wnt interactions, directions/questions, 71 
Wnt pathways 
genes, identification, 44 
head formation, 56-57 
Wnt/PCP/JNK signaling, 68 
WNT-PCP pathway/signaling, control, 247, 249 
WNT proteins, cell specification, 246 
Wnt receptor function, 66 
Wnt signaling, 29, 65 
canonical Wnt signaling, 66, 68 
cardiac organogenesis, 69 
context-specific Wnt signaling, 70 
embryonic signaling/regulatory 
environment, integration, 71 
integrated signaling, 69 
levels, functional manipulation, 56 
modeling, 69-70 
pathways, 67 
pathways, characterization, 65-69 
potentiation, 32 
requirement, 105 
W-specific regions, 161, 162 
Wylie, Chris, 29 


X 


Xelaev1801880tm, identification, 199 
Xenopus. See Transgenic Xenopus 

acquisition, importance, 7 

analysis techniques, examples, 280-281 

blastula stage endoderm patterning, 264 

behavioral performance, 277-278 

blastula ectodermal explants, usage, 47 

blastula, regional specification (model), 26 

blastula-stage embryo, fate map 
(production), 8-9 

cancer modeling, application potential, 
305-307 

cell-fate reprogramming Xenopus NT 
embryos, efficiency, 332 

cell lineages, isolation, 330 

clutches (genetic variation), experimental 
outcome (schematic representation), 317 

clutch variability/experimental design, 317 

congenital heart disease, study (future), 240 

craniofacial development/disorders, 245 

CRISPR mutants, presence, 212 

description, 3-4, 6 

developmental biology researchers, 
involvement, 8-9 

digestive/respiratory system development/ 
disease, modeling, 259 

dorsal midline (development), notch 
pathway (core components), 92-94 

dorsal-ventral patterning, signaling 
components, 44 

D-V tissues, origins (diagram), 46 

early development, histone modifications 
(acquisition/dynamics), 178-180 

early embryos (cell lineages), maternal 
mRNAs (relationship), 25 

egg constriction experiments, 25 

egg cytoplasm, DNA replication induction, 
13-14 

embryonic manipulations, 278-279 


endoderm germ layer formation, conceptual 
phases, 262 

endoderm organogenesis, temporal 
overview, 260-261, 261 

endoderm patterning, 69 

explants, usage, 68 

follicle-enclosed oocytes, 
electrophysiological characterization, 
144 

functional neurobiology, 277 

gene editing, future, 308 

gene-specific studies, 250, 251 

genes study, novel roles (discovery), 
237-238 

genetically altered Xenopus (creation), 
targeted nucleases (usage), 212-214 

genetically engineered Xenopus models, 303 

genetics/gene editing, 210-214 

genetic variability, exploitation, 319-320 

hes4-7/hey genes, early expression patterns, $0 

hes/hey genes, cross-regulation, 88-89 

high-resolution proteomic analyses, 
development, 197 

history, 3 

images, 5 

in vitro preparations, applicable 
stimulation/recording techniques, 283 

laboratory animal, usage (increase), 6-8 

laboratory populations, genetic diversity, 
316-317 

large-scale genomic/genetic resource 
development, 211 

lines, availability, 315 

literature, 9-10 

mass spectrometry, usage, 198 

maternal inheritance, demonstration, 9 

mesendodermal GRN, FFL usage, 190 

mesoderm/endoderm specification, gene 
regulatory networks (usage), 187 

metamorphosis, 209 

midbrain/hindbrain boundary (MHB) 
establishment, hes genes (impact), 110 

model, 16, 71-72, 225 

model system, success, 65 

Nasco laboratory-bred colony, 316 

naturally occurring tumors, 302 

neural border/descendants, hes genes (role), 
108-109 

neural border/descendants, notch pathway 
(core components), 106 

neural crest development, 127-131 

neural systems, examples, 280-281 

neurogenesis/epidermal differentiation, 
hes/hey genes (role), 103-104 

oocytes, RNA polymerases (presence), 9 

oocytes, test system importance, 29 

ORFeome, incompatibility, 208 

organ fate induction, combinatorial signals, 
267 

organizer, 43 

organizer, historical background, 43-44 

pathways, connection, 237 

patient-derived CHD disease mechanisms, 
discovery, 237-240 

physiological studies, 279 

proteomics, 203 

rDNA, eukaryotic gene isolation, 9 

research, advances, 69-70 

research tool, 301-302 

respiratory progenitor induction, regulation, 
269 


Index 


RNA-based SOM, generation, 191 
sensory-motor capacity, 277-278 
simple motor behaviors, 284 
somitogenesis, notch pathway gene 
(expression), 112-115 
source (Pregnancy Diagnosis Center), 7 
species, phylogenetic relationships, 
160-161 
Spemann organizer molecules, search, 
44-45 
stage NF20 Xenopus embryo, schematic, 266 
system, strengths, 202 
tracheoesophageal separation, regulation, 
269 
tract tracing, 278-279 
tumor formation/regulation, study, 301 
twinned embryos, result, 26 
usage, 9, 278-279, 316-320, 325 
vegetally localized mRNAs, 28 
vertebrate cardiogenesis, studies, 235 
wild-caught colony, population, 316 
Xenopus BMP4, expression, 45 
Xenopus, CHD/HTX (studying) 
approaches, 236-237 
morphological/developmental benefits, 236 
Xenopus development 
localized mRNAs, roles, 27 
maternal gene function, analysis, 28-29 
overview, 186 
Xenopus dorsal midline development 
hes/hey genes, impact, 96-97 
notch pathway, core components, 92-94 
Xenopus egg extracts 
cell division control/DNA replication, 
study, 13 
low-speed Xenopus egg extracts, 
advantages, 17 
preparation, 19 
single-molecule approaches, usage, 20 
system, development, 91 
tractable system, providing, 19-20 
usage, 15-16, 327 
utility, increase, 19 
Xenopus embryogenesis 
control, gene regulatory networks (usage), 
185 
early Xenopus embryogenesis, information 
source, 302 
notch signaling, 78 
past observations, 186-190 
Xenopus embryos 
32-cell stage, lineage tracing, 46 
cell lineage, predictability, 45-46 
early development, schematic, 261 
gene regulatory networks (GRNs), usage, 
188-190 
histone modification maps, 174 
Xenopus genome 
evolution, 155 
history, 155-156 
sequences, usage (studies), 161-165 
sequencing, 157-161, 198 
Xenopus germ layers development 
hes/hey genes, impact, 96-97 
notch pathway, core components, 92-94 
Xenopus laevis (XLA) 
allotetraploidy, 155 
chromosomes, 164 
collection, 201 
data (peptide-spectra matching), protein 
reference set (obtaining), 199 
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genome sequencing, 158 
half embryos, self-organizing properties, 48 
homeologous chromosomes, designation, 
158 
model organism, usage, 290-291 
natural size polymorphism, relationship, 3/8 
nuclear reprogramming process, molecular 
insights, 329-332 
pkdl (CRISPR knockout), 2/5 
subgenomes, gene organization (details), 
163, 165 
Xenopus laevis (XLA) embryos 
developmental stages, workflow schematic, 
201 
images, 261 
research, 48 
Xenopus laevis (XLA) genomes 
assembly, 157-158 
notch signaling responsiveness, 82 
sequencing, 44, 157-158 
Xenopus laevis (XLA)/Xenopus tropicalis 
chromosomal relationships, 160-161 
comparison, 158 
contrast, 200-201 
Xenopus notch pathway 
components, 81 
hes1-7/hey genes, responsiveness 
(experimental evidence), 83-87 
Xenopus oocytes 
endogenous ion channels, usage, 145-146 
usage, 143-144 
vegetal pole mRNAs, cell-free translation, 26 


Xenopus oocytes, usage, 143 
past observations, 143-144 
present status, 144-147 
Xenopus tadpole 
immunostaining, usage, 5 
Smit illustration, 5 
Xenopus tropicalis (XTR) 
biomedical research usage, 315 
cancer modeling methodologies, 307-308 
cancer models, applications, 306 
chromosomes, 164 
CRISPR/Cas9 cancer modeling, 305 
development, chromatin state maps 
(genome browser view), 175 
FO X. tropicalis tumor, crispants (presence), 
304 
forward genetic screens, usage, 210-211 
genetic research, diploid genome (impact), 302 
genome sequencing, 157 
hes1-7/hey groups genes, notch signaling 
responsiveness, 82 
Xenopus laevis, chromosomal relationships, 
160-161 
Xenopus laevis, comparison, 158 
Xenopus laevis, contrast, 200-201 
Xicl, modification, 19 
XLA2Lq32-33, W-specific/Z-specific regions, 162 
XLA3L, 165 
XLA9_10, chromosome fusion sites 
(identification), 158 
Xvent1/2, function, 45 
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Y 


Yamada, Tsuneo, 8 

Yamanaka, Shinya, 325 

YAP (Hippo signaling pathway component), 71 
Yong, Ed, 6 


Z 


Zebrafish (Danio rerio) 
biomedical research usage, 315 
DNA methylation, oocyte/sperm patterns 
(differences), 181 
larvae/immunocompromised adults, 
xenotransplantation recipient usage, 
307-308 
SCI response, 295 
Zebrafish, histone modification dynamics, 179 
Zebrafish International Resource Center 
(ZIRC), donor vector procurement, 
208 
Zinc Finger Nucleases (ZFNs), usage, 212, 
301 
Z-specific regions, 161, 162 
Zwarenstein, Harry, 7 
Zwischenstrang, 126 
Zygotic genome activation (ZGA), 187 
maternal Wnt signaling, relationship, 70 
onset, chromatin assembly (relationship), 
177 
Zygotic transcription factors, identification, 30 
Zygotic Wnt8/beta-catenin, action, 265 
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